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CORONAVIRUS

A persistent neutrophil-associated immune signature
characterizes post—-COVID-19 pulmonary sequelae
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Interstitial lung disease and associated fibrosis occur in a proportion of individuals who have recovered from
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection through unknown mechanisms. We
studied individuals with severe coronavirus disease 2019 (COVID-19) after recovery from acute illness. Individ-
uals with evidence of interstitial lung changes at 3 to 6 months after recovery had an up-regulated neutrophil-
associated immune signature including increased chemokines, proteases, and markers of neutrophil extracel-
lular traps that were detectable in the blood. Similar pathways were enriched in the upper airway with a con-
comitant increase in antiviral type | interferon signaling. Interaction analysis of the peripheral
phosphoproteome identified enriched kinases critical for neutrophil inflammatory pathways. Evaluation of
these individuals at 12 months after recovery indicated that a subset of the individuals had not yet achieved
full normalization of radiological and functional changes. These data provide insight into mechanisms driving
development of pulmonary sequelae during and after COVID-19 and provide a rational basis for development of
targeted approaches to prevent long-term complications.

INTRODUCTION

Clinical presentation after infection with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) is broad, ranging from a
mild self-limiting illness to severe respiratory failure requiring in-
tensive support (I1). Numerous studies have assessed the early
acute phases of coronavirus disease 2019 (COVID-19), but there
has been relatively less focus on the longer-term sequelae induced
by this infectious disease. Most of the affected individuals make a
full clinical recovery; however, a substantial proportion experience
long-term health consequences, and a diverse range of symptoms
have been described as part of the post-COVID-19 syndrome (2—

Clinical studies reveal that patients with severe COVID-19-
related acute respiratory distress syndrome are at greatest risk of pul-
monary complications (9, 10). However, the reasons why some in-
dividuals make a full clinical, physiological, and radiological
recovery while others follow a more perilous trajectory, with persis-
tent interstitial lung changes and associated pulmonary function
impairment, are poorly understood. Acute severe COVID-19 is
characterized by hyperinflammation detectable both systemically
and within the airways (11-13), and there is growing evidence to
indicate that myeloid cells are major contributors of immunopa-
thology (13-16). Whether post-COVID-19 lung pathology is
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4). Persistent radiological abnormalities associated with pulmonary
function impairment occur in some infected individuals (5-8), but
the pathogenic mechanisms underlying this downstream conse-
quence are poorly characterized.

driven by persistence of this initial heightened inflammatory re-
sponse or activation of alternative pathways that develop subsequent
to recovery from the acute illness is unknown. Recent immuno-
profiling studies have compared individuals with post-COVID-19
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lung parenchymal abnormalities to healthy controls and identified
increases in airway CD8" and CD4" T lymphocytes, with gene ex-
pression associated with myeloid cell inflammation (17, 18). These
studies provide information about the immunological landscape
after recovery from acute SARS-CoV-2 but lack an appropriate
control group, namely, individuals with resolution of lung
changes after COVID-19 and so do not provide insight to distin-
guish the critical pathways dictating susceptibility to, or protection
against, development of persistent interstitial lung changes.

A diverse range of etiological factors and associated mechanisms
are known to drive pathogenesis of other interstitial lung diseases
(19). The COVID-19 pandemic offers a unique opportunity to
study mechanisms of fibrogenesis in individuals with a defined
common etiology. Here, we used longitudinal systemic and upper
airway sampling in a cohort of individuals hospitalized with
severe COVID-19 to compare those who have persistent interstitial
lung changes to those with full radiographic resolution and to elu-
cidate the immune mechanisms that drive this downstream compli-
cation. Using a multiomic approach to gain broad unbiased insight,
we identified that the development of post—-COVID-19 interstitial
lung changes is associated with a proinflammatory, neutrophil-as-
sociated immune signature detectable in the plasma and upper
airways with a concomitant enriched antiviral immune signature.
Our findings provide fundamental insights into mechanisms
driving pulmonary sequelae of COVID-19 and provide a rational
basis for development of targeted therapeutic approaches to
prevent longer-term complications.

RESULTS

Severe COVID-19 is associated with an up-regulated plasma
immune signature after recovery from acute disease

To investigate the downstream immunological and clinical conse-
quences after acute COVID-19, we studied 46 individuals with
severe COVID-19. All participants had clinical phenotyping,
cross-sectional lung imaging, respiratory function testing, and
blood and nasal sampling at 3 to 6 months (mean, 129 days) after
discharge from hospital (visit 1). We additionally evaluated 18 indi-
viduals with mild (nonhospitalized) COVID-19 and 17 healthy un-
infected control individuals. Acute COVID-19 is characterized by
mucosal and central hyperinflammation, a feature accentuated in
individuals with more severe disease (11, 12, 20), but whether
immune activation persists after recovery from the acute illness is
less well characterized. We initially examined the peripheral
plasma proteome using the Olink proteomics platform to
measure 184 unique proteins (table S1) and compared the
immune signatures at 3 to 6 months after discharge between
those with severe COVID-19 and those with mild COVID-19 or
healthy uninfected controls (Fig. 1A). The proteins measured
were highly enriched for those involved in inflammation and
immune processes. Principal component analysis of plasma prote-
omes revealed differences between those with severe and mild
COVID-19 with separation of groups most evident along principal
component 1 (PC1) (Fig. 1B).

To examine the effects of COVID-19 severity on the plasma pro-
teome at 3 to 6 months, we performed differential expression anal-
ysis. This identified 63 proteins with significantly altered
concentrations [5% false discovery rate (FDR)] with the majority
(n = 59) up-regulated and only four proteins down-regulated
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(Fig. 1, C and D). The proteins that were most increased between
patients with severe COVID-19 and patients with mild COVID-
19 in terms of fold change were C-X-C motif chemokine 5
(CXCL5), hexamethylene bisacetamide-inducible protein, oncosta-
tin M, and eukaryotic translation initiation factor 4E-binding
protein 1 (Fig. 1C). The down-regulated proteins were corneodes-
mosin (CDSN), tryptase alpha/beta 1 (TPSAB1), C-C motif chemo-
kine ligand 11 (CCLI1), and peroxiredoxin-1 (PRDXI).
Representative plots showing distributions of up-regulated postre-
covery plasma proteins in those with severe COVID-19, those with
mild COVID-19, and healthy controls are shown in Fig. 1E. Pathway
analysis of these 59 up-regulated proteins using String-DB high-
lighted enrichment of the following gene ontology biological pro-
cesses: “immune system process,” “immune response,” and
“cytokine-mediated signaling pathway” (Fig. 1F). Collectively,
these data indicated that severe COVID-19 is associated with a per-
sistent proinflammatory immune signature detectable in plasma at
3 to 6 months after recovery from the acute illness.

Radiographic and lung function abnormalities occur in a
subset of individuals after recovery from severe COVID-

19 illness

Of the 46 individuals with severe COVID-19, n = 26 (56.2%) had
interstitial lung changes on computed tomography (CT) imaging
at 3 to 6 months after discharge with the remaining participants
(n = 20) showing no interstitial changes, indicating full resolution
of parenchymal changes (fig. S1A). Demographic and clinical char-
acteristics of this cohort are shown in table S2. Persistent interstitial
change on CT at 3 to 6 months after acute illness was associated with
reduced pulmonary lung function as measured by % predicted
forced vital capacity (FVC) and transfer factor for carbon monoxide
(TLCO) (fig. S1, B and C) and increased symptom scores as mea-
sured by St. Georges Respiratory Questionnaire (fig. S1D).

Post—COVID-19 interstitial lung changes are characterized
by an augmented proinflammatory neutrophil-associated
plasma immune signature

We next compared plasma proteomic profiles (again using the
Olink platform) at 3 to 6 months after discharge between individu-
als with post—-COVID-19 interstitial lung changes versus those with
radiographic resolution (Fig. 2A) to gain insight into the immune
pathways/mediators that might mechanistically drive this complica-
tion. Principal component analysis of plasma proteomes revealed
differences between those with post-COVID-19 interstitial
changes and those with resolution, most evident along PCl1
(Fig. 2B). Differential protein abundance analysis identified 30 pro-
teins with significantly altered concentrations (5% FDR) with the
majority (n = 26) up-regulated and four proteins down-regulated
(Fig. 2, C and D). The proteins that were most increased between
individuals with interstitial lung changes and those with resolution
(in terms of fold change) were the proinflammatory cytokines inter-
leukin-17C (IL-17C), extracellular newly identified receptor for ad-
vanced glycation end-products binding protein (EN-RAGE),
CCL20, CCL25, and tumor necrosis factor (TNF) (Fig. 2D).
Down-regulated proteins were the same as those attenuated at 3
to 6 months in all severe versus mild COVID-19 individuals
(CDSN, TPSABI, CCL11, and PRDX1; Fig. 1D). Representative
violin plots showing distributions of selected up-regulated plasma
proteins in those with interstitial lung changes and those with
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Fig. 1. Up-regulated systemic immune signature is observed at 3 to 6 months after severe COVID-19. (A) Timeline of study. (B) Principal component analysis is
shown. Each point represents a sample. Coloring indicates COVID-19 severity. (C) Proteins that were up-regulated (red) or down-regulated (blue) in patients with severe
COVID-19 versus those with mild COVID-19 are shown for samples collected at 3 to 6 months after recovery from acute illness. The linear gradient indicates the effect size.
A positive effect size (right side of the graph) indicates that an increase in protein concentrations is associated with severe COVID-19 cases, and a negative gradient (left
side of graph) indicates the opposite. P values are from linear mixed models after Benjamini-Hochberg adjustment; significance threshold = 5% FDR; gray = nonsignificant.
(D) Heatmap showing protein concentrations. Each column represents a sample (n = 46 severe COVID-19 samples, n = 18 mild COVID-19 samples, and n = 17 healthy
controls). Each row represents a protein. Differentially expressed proteins between severe COVID-19 versus mild COVID-19 groups are shown. (E) Violin plots show the
distribution of selected plasma protein concentrations [normalized protein expression (NPX)] at 3 to 6 months after severe or mild COVID-19 and in healthy uninfected
controls. Boxplots indicate median, interquartile range (IQR), minimum, and maximum. Data in (E) were analyzed using Kruskal-Wallis test with Dunn'’s posttest. ns, not
significant; *P < 0.05, **P < 0.01, and ****P < 0.0001. (F) Gene ontology biological processes enrichment analysis is shown for the differentially expressed proteins.

resolution are shown in Fig. 2E. Enrichment analysis of immune
pathways of the 26 up-regulated proteins using String-DB highlight-
ed gene ontology biological processes including “neutrophil chemo-
taxis,” “humoral immune response,” and “defense response”
(Fig. 2F). Given that individuals with post-COVID-19 interstitial
changes differed from those with resolution with regard to several
factors (such as age, body mass index, and initial disease severity;
see table $2), which may themselves be associated with greater
initial inflammatory responses (and thus a persistence of inflamma-
tion), we conducted a multivariable analysis to determine whether
up-regulated proteins remained independently associated with the
presence of interstitial lung changes after adjustment for confound-
ing variables (P < 0.1 on univariate analysis; see table S2). This
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revealed that the neutrophil-associated cytokine IL-17C was the
only plasma protein independently associated with the develop-
ment of interstitial changes [odds ratio (OR) 3.72; 95% confidence
interval, 1.20 to 16.84; P = 0.0403], further supporting a role for a
neutrophil-related immune signature in driving this complication.

To gain greater insight into the mediators/pathways involved in
development of post—-COVID-19 interstitial lung changes, we addi-
tionally investigated for correlations between measured immune
proteins and severity of radiological changes or lung function im-
pairment. In keeping with our finding that “neutrophil chemotaxis”
was the most enriched immune pathway associated with interstitial
lung changes (Fig. 2G), the neutrophil chemokines CXCL1 and
CXCL8 negatively correlated with % FVC. CXCL8 and the
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Fig. 2. An up-regulated systemic proinflammatory neutrophil-associated immune signature characterizes post-COVID-19 interstitial lung changes. (A) Timeline
of study. (B) Principal component analysis is shown, where each point represents a sample. Coloring indicates the presence or absence of interstitial lung changes. (C) The
heatmap shows protein concentrations. Each column represents a sample (n = 26 individuals with interstitial lung changes and n = 20 with full resolution of lung
changes). Each row represents a protein. Differentially expressed proteins between severe COVID-19 versus mild COVID-19 groups are shown. (D) Proteins up-regulated
(red) or down-regulated (blue) in individuals with interstitial lung changes after recovery are shown. The linear gradient indicates the effect size. A positive effect size
(right side of graph) indicates that an increase in protein concentration is associated with the presence of interstitial lung changes, and a negative gradient (left side of
graph) indicates the opposite. P values are from linear mixed models after Benjamini-Hochberg adjustment; significance threshold = 5% FDR; gray = nonsignificant. (E)
Violin plots showing distribution of selected plasma protein concentrations at 3 to 6 months in individuals with interstitial lung changes versus those without. Boxplots
indicate median, IQR, minimum, and maximum. Data in (E) were analyzed using Mann-Whitney U test. **P < 0.01 and ***P < 0.001. (F) Gene ontology biological processes
enrichment analysis is shown for the differentially expressed proteins. (G) Correlation between plasma proteins and lung function measurements, including % predicted
of forced vital capacity (FVC) and transfer factor for carbon monoxide (TLCO), is shown. (H) Correlation between plasma proteins and extent of radiographic changes on CT
scanning is shown. Correlations were determined by Spearman’s rank correlation test.

interferon (IFN)-inducible lymphocyte chemokine CXCL9 also
negatively correlated with % TLCO. For radiological disease
extent, positive correlations were observed for CXCLS, the inflam-
masome-associated proinflammatory cytokine IL-18, and its recep-
tor IL-18R1 (Fig. 2H). Collectively, these data reveal that
post=COVID-19 interstitial lung changes are associated with a per-
sistent plasma neutrophil-associated proinflammatory immune
signature.

George et al., Sci. Transl. Med. 14, eabo5795 (2022) 16 November 2022

Post—COVID-19 interstitial lung changes are associated

with an up-regulated proinflammatory and antiviral
immune signature in the upper airways

The nose is a major entry site for SARS-CoV-2 and therefore rep-
resents the primary mucosal site of initial host immune responses
(21, 22). Given our findings that post—-COVID-19 interstitial lung
changes were characterized by an up-regulated systemic proinflam-
matory immune signature, we next sought to determine whether
similar changes occurred within the upper airways by evaluating
nasal brushing samples taken at the same time point (3 to 6
months after hospital discharge). Of the 46 participants with
severe COVID-19 included in the study, 26 individuals (n = 16
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with interstitial lung changes and n = 10 resolved) had samples with
sufficient RNA concentration and of high enough quality to
perform transcriptomic analysis (Fig. 3A), for which we used the
Nanostring NCounter multiplex platform that profiles more than
850 immune response genes (table S3).

Principal component analysis of nasal transcriptomes at 3 to 6
months after discharge revealed differences between those with
post—COVID-19 interstitial changes versus those with resolution,
most evident along PC1 (Fig. 3B), although differences were less
marked than for plasma (Fig. 2B), and there was considerable
overlap in the spatial location of individuals with interstitial
changes and those with resolution. Differential gene expression

analysis identified 53 genes (5% FDR) up-regulated in individuals
with interstitial changes versus those with resolution. The genes
most substantially up-regulated were predominantly broadly
related to antiviral defense (GBP5, IFIT2, and OASL) or neutrophil-
ic inflammation/inflammasome pathways (CXCL8, CXCR2, IL1R2,
and NLRP3) (Fig. 3, C and D). Representative violin plots showing
distributions of selected up-regulated immune genes in subjects
with interstitial lung changes and those with full resolution are
shown in Fig. 3E. This global activation of antiviral and proinflam-
matory signatures was further supported by enrichment analysis of
immune pathways, which indicated gene ontology biological pro-
cesses related to the “cytokine-mediated signaling pathway” and
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Fig. 3. An up-regulated nasal proinflammatory and antiviral immune signature characterizes post-COVID-19 interstitial lung changes. (A) Study timeline. (B)
Principal component analysis is shown, where each point represents a sample. Coloring indicates the presence or absence of interstitial lung changes. (C) Genes up-
regulated (right) and down-regulated (left) in individuals with interstitial lung changes after recovery are shown. Linear gradient indicates the effect size. A positive effect
size (right side of the graph) indicates that an increase in gene expression is associated with the presence of interstitial lung changes, and a negative gradient (left side of
the graph) indicates the opposite. P values are from linear mixed models after Benjamini-Hochberg adjustment; significance threshold = 5% FDR. (D) The heatmap shows
gene expression. Each column represents a sample (n = 16 individuals with interstitial lung changes and n = 10 with full resolution of lung changes). Each row represents a
gene. Differentially expressed genes between severe COVID-19 versus mild COVID-19 groups are shown. (E) Violin plots show the distribution of selected genes at 3 to 6
months in individuals with interstitial lung changes versus those without. Boxplots indicate median, IQR, minimum, and maximum. (F) Gene ontology biological pro-
cesses enrichment analysis are shown for the differentially expressed genes. (G) Cellular deconvolution analysis of transcriptomic data is shown. Boxplots indicate median,
minimum, and maximum. (H) The correlations between IL17D expression and extent of radiographic changes by CT scan (left) and lung % predicted TLCO (right) are
shown. Correlation analysis in (H) was conducted using Spearman’s rank correlation test. Statistical analysis in (E) and (G) was conducted using Mann-Whitney U
test. *P < 0.05.
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the “cellular response to type I interferon” (Fig. 3F), and by cellular
deconvolution analysis, which indicated an enrichment of neutro-
phils in individuals with post-COVID-19 interstitial lung changes
(Fig. 3G). Nasal IL17D expression correlated positively with radio-
graphic disease extent and negatively with % TLCO (Fig. 3H). These
data fit with existing paradigms, suggesting that increased SARS-
CoV-2 viral load in the upper respiratory tract associated with
severe disease drives a type I IFN signature that contributes to sub-
sequent hyperinflammation and disease severity (23). These find-
ings also suggest that these differences persist in individuals who
have post-COVID-19 interstitial lung changes.

Post—COVID-19 interstitial lung changes are associated

with increased systemic neutrophils, protease
concentrations, and markers of NET formation

Having identified an up-regulated neutrophil-associated immune
signature in individuals with post-COVID-19 interstitial lung
changes, we hypothesized that increased neutrophils in these indi-
viduals may drive fibrogenesis through formation of neutrophil ex-
tracellular traps (NETs) and consequent release of extracellular
matrix (ECM)-degrading neutrophil proteases. We therefore eval-
uated total neutrophil counts, neutrophil protease concentrations,
and markers of NET formation in plasma taken from individuals
with interstitial lung changes compared to those with resolution
(Fig. 4A). Total neutrophil numbers were increased in individuals
with post-COVID-19 interstitial changes compared to those with
radiographic resolution (Fig. 4B). A similar increase was observed

myeloperoxidase (Fig. 4C), which also correlated positively with ra-
diological disease extent and negatively with lung function impair-
ment (% TLCO) (Fig. 4D). There were no differences in plasma
neutrophil elastase or extracellular DNA concentrations between
the two groups (figs. S2 and S3). NETosis involves hypercitrullina-
tion of nucleosomal histone proteins, including H3, which can be
quantified in plasma as a remnant of NET formation. Concentra-
tions of H3R8 citrullinated nucleosomes were increased in individ-
uals with post-COVID-19 interstitial changes compared to those
with radiographic resolution (Fig. 4E). However, this effect was
not observed when comparing the total amount of circulating
intact nucleosomes as measured by the canonical H3.1 nucleosomes
assay (Fig. 4F).

Post—COVID-19 interstitial lung changes are associated

with up-regulated proinflammatory immune
phosphoproteome signatures

To better understand the mechanisms underlying perturbation of
inflammatory signaling in individuals with post-COVID-19 inter-
stitial changes, we performed phosphoproteomic analysis of periph-
eral blood mononuclear cells (PBMCs) taken from a subgroup of
individuals at the same 3- to 6-month time point (Fig. 5A). Princi-
pal component analysis of the phosphoproteomic results revealed
that there were distinct differences between PBMCs isolated from
individuals exhibiting interstitial changes compared to those with
resolution (Fig. 5B). Despite this clustering, there was heterogeneity
observed across PBMC samples derived from individuals with inter-
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Fig. 4. Increased systemic neutrophils, neutrophil protease, and NET concentrations are associated with post-COVID-19 interstitial lung changes. (A) Study
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were quantified by enzyme-linked immunosorbent assay (ELISA). (D) The correlations between plasma myeloperoxidase concentrations and extent of radiographic
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phosphopeptides differentially expressed in the PBMCs of patients with COVID-19 interstitial lung changes versus those that have resolved. Points represent individual
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differentially expressed (a log OR > 4.60). (D) The heatmap shows phosphorylation sites that are differentially regulated (FDR < 0.05) between patients with interstitial lung
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phosphopeptides identified 30 phosphopeptides significantly en-
riched (log OR > 4.6 to 99% probability of being differentially ex-
pressed) in individuals with interstitial changes compared to those
with complete resolution and 16 phosphopeptides in the resolved
group (Fig. 5C). An examination of sites that were differentially reg-
ulated between the groups with consistent intragroup phosphoryla-
tion identified a group of 15 phosphorylation markers (Fig. 5D).
Four phosphorylation sites [plant homeodomain PHD finger
protein 2 (PHF2)*%°, protein tyrosine phosphatase nonreceptor
type 7 (PTPN7)54, nucleophosmin (NPM1)3"*, and serine/threo-
nine-protein kinase 10 (STK10)">?] exhibited increased phosphor-
ylation in all resolved individuals compared to those with interstitial
changes, one of which, STK10, is involved in regulating lymphocyte
migration (24). The 11 phosphorylation sites that were increased in
all individuals with interstitial changes were located on proteins im-
plicated in phagosome action [tubulin beta-1 chain (TBB1)5%°,

George et al., Sci. Transl. Med. 14, eabo5795 (2022) 16 November 2022

TBB1™*, and tubulin alpha-4A chain (TUBA4A)3*¥), cell migra-
tion [cluster of differentiation 244 (CD244)%**°, dematin actin-
binding protein (DMTN)%*% and myosin IC (MYO1C)%*%®], and
actin cytoskeleton organization [inverted formin-2 (INF2)T179)
DMTN%%, and MYO1C***]. Kinase substrate enrichment analysis
(KSEA) was performed to identify kinase-kinase signaling axes that
were enriched in either outcome after COVID-19. The enriched
axes were then used to reconstruct kinase networks and ascertain
which kinases were crucial for maintaining network integrity
(Fig. 5E, left). Analysis revealed the emergence of network depen-
dencies around cyclin-dependent kinase 2 (CDK2), protein kinase
C iota (PRKCI), IL-1 receptor—associated kinase 1 (IRAK1),
mitogen-activated protein kinase (MEK1), and c-Jun N-terminal
kinase 2 (JNK2) in PBMCs derived from individuals with interstitial
changes. These kinases are downstream of receptors bound by
proinflammatory cytokines (type I IFN and TNF) and regulate

7 of 16

€202 ‘6T A2\ Uo 610°39Us 195" MMM//:SANY WO} popeojuMod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

immune pathways required for both T and B cell activation. The
kinases responsible for maintaining network integrity in the re-
solved individuals were more diverse [phosphorylase b kinase
gamma catalytic chain, liver/testis isoform, metabolic; proto-onco-
gene tyrosine-protein kinase Yes, cell growth; ribosomal protein S6
kinase A2, regulates proliferation; Misshapen-like kinase 1, cell ad-
hesion; and numerous others], suggestive of cells that had returned
to steady state (Fig. 5E, right). There was also overlap with kinases
observed in the interstitial group [such as serine/threonine-protein
kinase A-Raf (ARAF)]; however, the underlying ARAF-signaling
axes enriched in either group were different. Collectively, these
phosphoproteomic data support our findings from the other com-
plimentary -omic approaches whereby signaling in PBMCs from in-
dividuals with post-COVID-19 interstitial lung changes are
characterized by enrichment for proliferative (CDK2 and MEK1)
and immunoregulatory (IRAK1, JNK2, and PRKCI) kinases down-
stream of receptors to proinflammatory cytokines.

Expression of fibrogenic mediators is up-regulated by
exogenous NET administration but not by SARS-CoV-2
infection in human alveolar epithelial cells

We next used in vitro experiments to gain more insight into the
drivers of post-COVID-19 interstitial lung changes. Alveolar epi-
thelial cells (AECs) differentiated at the air-liquid interface
(Fig. 6A) supported active replication with virus loads increasing
from day 0 to day 7 (Fig. 6B) and a detectable innate antiviral
immune response indicated by induction of IFNA2/3 mRNA
(Fig. 6C). Despite this, epithelial SARS-CoV-2 infection did not
lead to induction of the prototypical fibrogenic mediators COLIA

(collagen 1A) or FNI (fibronectin 1) and suppressed expression of
ACTA?2 (alpha smooth muscle actin) (Fig. 6D), indicating that live
virus infection alone is not sufficient to drive fibrogenesis. To
analyze the effect of NET protein on fibrogenic mediators, we
then treated A549 epithelial cells with purified NETs (Fig. 6E),
which increased mRNA expression of FNI and VEGF at 24 hours
after administration (Fig. 6F). NET administration also altered the
expression of genes involved in epithelial-mesenchymal transition,
with increased ACTA2 observed at both 24 and 48 hours after ad-
ministration and reduced CDH1I (e-cadherin) observed at 48 hours
after administration (Fig. 6G). These findings, coupled with our
analyses in human samples, support the conclusion that post—CO-
VID-19 interstitial lung disease is driven not only by primary virus
infection alone but also by the host inflammatory response to
SARS-CoV-2, with NETSs being a potential driving factor.

Resolution of interstitial lung changes and associated
immune alterations is heterogeneous at 12 months after
coviD-19

We next questioned whether post-COVID-19 lung interstitial
changes and associated immune alterations resolve over time by as-
sessing longitudinal progression at a second later time point (visit 2;
median, 180 days duration between first and second sampling)
(Fig. 7A). In the group with interstitial changes, visit 2 data were
available for 19 of 26 individuals for % TLCO and 19 of 26 for %
FVC. Analysis of change in % TLCO from visit 1 to visit 2 in indi-
viduals with interstitial changes as a group indicated overall im-
provement {median [interquartile range (IQR)] at visit 1: 48.0
(44.0 to 61.0)% versus visit 2: 58.0 (52.5 to 68.4)%; Fig. 7B}. %
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Fig. 6. Exogenous NET administration induces fibrogenic mediators in AECs, an effect not observed with live SARS-CoV-2 infection. (A) Experimental timeline of
SARS-CoV-2 infection of primary alveolar cells in vitro. (B) Viral RNA was measured by quantitative polymerase chain reaction (PCR). (C) IFNA2/3 and (D) COL1A1, FN1, and
ACTA2 mRNA expression was measured in primary alveolar cell lysates. (E) Experimental timeline of exogenous NET administration to A549 cells in vitro. (F) COLTAT, FN1,
and VEGF and (G) ACTA2 and CDH1 mRNA expression was measured in A549 cell lysates. Data shown as means + SEM of n = 3 biological replicates per group. Data in (B) to
(D) were analyzed using ratio paired t test with comparison between post-infection and baseline data. Data in (F) and (G) were analyzed using unpaired t test with

comparison between NETs and medium-treated wells. *P < 0.05 and **P < 0.01.
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Fig. 7. Resolution of clinical parameters and immune alterations is observed by 12 months after COVID-19. (A) Study timeline. (B) FVC, (C) TLCO, (D) radiological
disease extent, and (E) symptom scores as measured by St. Georges Respiratory Questionnaire (SGRQ) are shown for individuals with interstitial lung changes, and data
were collected at the indicated time points after discharge. Plasma concentrations of (F) IL-17C, (G) CXCL8/IL-8, (H) TNF, and (I) myeloperoxidase are shown at the in-
dicated time points after discharge. Plasma concentrations of circulating nucleosomes associated with (J) H3R8Cit or (K) total intact nucleosomes are shown for samples
collected at the indicated time points after discharge as measured by H3.1 ELISA. Data in (B) to (E) are shown as individual data points with median indicated by the red
line and were analyzed by Wilcoxon rank sum test. Data in (F) to (K) are presented as means + SEM and were analyzed by Mann-Whitney U test to compare the interstitial
changes group with the resolution group. *P < 0.05, ***P < 0.001, and ****P < 0.0001.

FVC similarly showed overall improvement in the overall group
[median (IQR) at visit 1: 80 (71 to 87.5)% versus visit 2: 89.5
(82.1 to 93.9)%; Fig. 7C]. Despite this overall improvement, 17 of
19 individuals still had TLCO below 75% at visit 2, suggesting
that full normalization had not yet occurred in most individuals (al-
though with the caveat that premorbid lung function results are not
available, and some may have had preexisting abnormalities).
Repeat CT imaging was available in 16 of 26 individuals. Fifteen
of 16 subjects still had disease extent of 20% or greater, indicating
that full resolution had not yet occurred (Fig. 7D). Repeat
St. George's Respiratory Questionnaire scores were available in 17
of 26 individuals and did not show a clear improvement over
time (Fig. 7E). This clinical resolution was mirrored by a similar
longitudinal reduction of cytokines found to be increased at 3 to
6 months after COVID-19, including TNF, IL-17C, and CXCL8/
IL-8 (Fig. 7, F to H) and a similar attenuation in myeloperoxidase,
H3.1, and H3R8 nucleosome concentrations (Fig. 7, I to K). Collec-
tively, these data indicate that, in most individuals with

George et al., Sci. Transl. Med. 14, eabo5795 (2022) 16 November 2022

post—=COVID-19 interstitial changes evident at 3 to 6 months,
partial resolution of clinical and inflammatory abnormalities
occurs, although full normalization of lung function and radio-
graphic changes has not yet been reached in many individuals.

DISCUSSION
Using detailed clinical and radiological phenotyping in a cohort of
individuals initially hospitalized for severe COVID-19, we define a
subgroup of individuals who have persistent morphological and
functional changes after recovery from their acute illness.
Through multiomic profiling of biological samples taken from the
blood and upper airways of these individuals, we elucidated that this
complication is characterized by an up-regulated proinflammatory
and neutrophil-associated immune signature.

Acute severe COVID-19 is characterized by a proinflammatory
signature detectable systematically and in the respiratory tract (11,
12, 25). This hyperinflammatory state is believed to drive disease
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severity and is amenable to therapeutic inhibition using anti-in-
flammatory approaches such as dexamethasone (26). Our observa-
tions using plasma proteomics to compare individuals hospitalized
with severe COVID-19 to those with mild illness indicate that, even
after 3 to 6 months after hospital discharge, there is a detectable in-
crease in systemic inflammatory signals. However, it should be
noted that variability was evident for some of the analytes, including
high values in some healthy individuals (which may represent
recent exposure to a viral infection). Our data indicate that severe
COVID-19 induces immune activation persisting even after recov-
ery from the acute illness, a finding that is supported by other
studies showing similar findings in individuals recovering from
acute COVID-19 compared to healthy individuals (18, 27).

Having identified persistent immune activation after severe
COVID-19, we next determined whether components of this proin-
flammatory signature, or alternative pathways, are selectively up-
regulated in those with persistent morphologic abnormalities after
COVID-19 compared to those showing radiographic resolution.
Such comparisons have the potential to offer clearer discrimination
of key mechanistic drivers than comparisons to healthy uninfected
individuals, as has been the case in other studies (17, 18). We iden-
tified a range of increased plasma proteins in individuals with
post=COVID-19 interstitial lung changes predominantly consistent
with a neutrophil-associated inflammatory signature. Enrichment
analysis of immune pathways revealed that “neutrophil chemotaxis”
was the most enriched pathway, and a number of differentially ex-
pressed proteins were related to neutrophilic inflammation includ-
ing the chemokine IL-17C (known to have a critical role in
regulation of neutrophilic recruitment), the neutrophil-derived cy-
tokine EN-RAGE [recently shown to be expressed in dysfunctional
low-density neutrophils in severe COVID-19; (28)], and the proin-
flammatory cytokines TNF and CCL20. In keeping with this prote-
omic signature, total blood neutrophil counts were also elevated in
individuals with post-COVID-19 interstitial changes. Together,
these data indicate that an augmented neutrophil-associated
immune signature detectable in the plasma characterizes post—CO-
VID-19 interstitial lung changes.

We additionally sought to determine whether similar changes
occurred at the site of initial SARS-CoV-2 infection, the nasal
mucosa. We identified a consistent transcriptomic signature in
the nasal mucosa of individuals with interstitial lung changes,
again at 3 to 6 months after recovery. Differentially expressed
genes included the neutrophil chemokine CXCL8, the neutrophil-
expressed receptor CXCR2, and the inflammasome-related genes
NLRP3 and ILR2. Furthermore, cellular deconvolution analysis re-
vealed an enrichment of neutrophils (but not other cell types) in
individuals with post-COVID-19 interstitial lung changes.

The finding of up-regulated systemic and mucosal neutrophil-
associated inflammation is consistent with a persistence of this sig-
nature from acute disease, with accentuation in those who have per-
sistent abnormalities after COVID-19. Clinical studies in COVID-
19 have also reported elevated neutrophil counts in peripheral
blood, especially in late-stage disease (29, 30). Higher systemic neu-
trophil counts and neutrophil chemokine concentrations are also
associated with increased disease severity or adverse outcomes
(11, 29, 31). Neutrophil chemokine signatures are also up-regulated
during acute COVID-19 in airway transcriptomic studies (20).
Therefore, ample evidence supports the role played by neutrophils
in driving acute severe disease, and our study identifies a role also

George et al., Sci. Transl. Med. 14, eabo5795 (2022) 16 November 2022

played in driving the longer-term sequelae of COVID-19. This is
reinforced by our finding that systemic neutrophil chemokine
(CXCL1/8) concentrations, myeloperoxidase concentrations, and
nasal IL17D transcription correlated with radiographic and func-
tional severity. Moreover, after correction for other confounding
variables (age, disease severity, requirement for invasive ventilation,
and others), plasma concentrations of the neutrophil-regulating cy-
tokine IL-17C remained independently associated with post-CO-
VID-19 interstitial lung changes. IL-17C was also recently shown
to be associated with disease progression in non—COVID-19 fibros-
ing interstitial lung disease (32), which further supports a broader
role of this pathway in fibrogenesis.

Effector mechanisms of neutrophils include formation of NET's
that comprise networks of fibers composed of DNA containing his-
tones and enzymes (myeloperoxidase and neutrophil elastase) (33).
NET formation may have both protective and pathogenic roles;
ample evidence indicates roles in propagation of inflammation in
a range of conditions, including COVID-19 (34-36), and excessive
NET formation can trigger a cascade leading to end-organ
damage (37).

Mechanistically, neutrophils may therefore drive fibrogenesis
through release of proteases [such as neutrophil elastase and
matrix metalloproteinases (MMPs) that can degrade ECM proteins
such as types I to IV collagens (38)]. Neutrophil elastase and select-
ed MMPs (MMP-3 and MMP-8) have functional roles in driving
bleomycin-induced fibrosis in mice (39-42). Moreover, up-regula-
tion of genes related to pulmonary fibrosis, as well as those for neu-
trophil activation and NETosis, has been demonstrated in acute fatal
COVID-19 (43), further emphasizing the central role of these pro-
cesses in acute severe disease. In keeping with the hypothesis that
NETosis and release of proteases by neutrophils may also drive de-
velopment of post—-COVID-19 interstitial lung changes, we found
that patients with this complication had evidence of neutrophilia,
increased plasma myeloperoxidase concentrations, and elevated
concentrations of intact nucleosomes (as measured by H3.1), as
well as increased citrullinated H3R8 nucleosomes. Citrullinated nu-
cleosomes are a major component of NETs as the NETosis process
involves nucleosomal histone proteins H3, H2A, and H4 being hy-
percitrullinated by the enzyme protein arginine deiminase 4
(PAD4). However, PADA4 is dispensable for NETosis, and noncitrul-
linated NETs are well recognized, although they are less inflamma-
tory than their citrullinated counterparts (44, 45). The functional
importance of NETSs in driving interstitial changes was indicated
by our findings that exogenous administration of purified NETs
in an AEC line could induce expression of fibrogenic mediators,
an effect not observed with SARS-CoV-2 infection alone, further
supporting that the host inflammatory response may be a mechanis-
tically important driver of this complication.

Notably, neutrophil priming and NET formation are poorly re-
sponsive to corticosteroids (36) (now widely used for severe
COVID-19), emphasizing that alternative approaches are needed.
Future functional studies in mouse models of SARS-CoV-2 [includ-
ing a recently described humanized system that recapitulates pul-
monary fibrosis (46) or longitudinal analysis of ongoing clinical
trials examining effects of neutrophil-targeting therapies, such as
elastase inhibitors (NCT04817332)], upon development of post—-
COVID-19 interstitial changes, will be required to provide formal
confirmation of causal roles.
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In addition to an up-regulated neutrophil-associated immune
signature detected in the nose, we also identified differentially ex-
pressed genes related to augmented antiviral defense pathways.
Original thinking related to SARS-CoV-2 infection was that
severe disease is associated with impaired type I IFN responses
but increased nuclear factor kB—driven proinflammatory responses
(47). However, increasing evidence indicates greater complexity
with airway-focused studies reporting increased IFN-stimulated
gene expression occurring concomitantly with proinflammatory
genes (20). Single-cell sequencing studies in patients with severe
COVID-19 have revealed hyperinflammatory immune signatures
(including TNF and IL-1P) across all types of immune cells and
co-occurring with type I IFN in classical monocytes (48). Animal
studies have indicated proinflammatory roles for type I IFN
during SARS-CoV-2 infection (49) with prolonged IFN production
after viral infection impairing lung epithelial regeneration (50). Our
data indicate that post-COVID-19 interstitial changes are associat-
ed with a persistence of upper airway type I IFN signature. We in-
terpret that this relates to an initial heightened antiviral response
due to increased infection severity (as indicated by greater disease
severity, such as requirement for invasive ventilation) observed in
the post-COVID-19 interstitial changes group. Our data therefore
support a potential mechanism where more severe initial SARS-
CoV-2 infection induces a greater type I IFN response; this response
then drives subsequent proinflammatory responses with neutrophil
NET formation and protease release, potentially leading to ECM
degradation and development of interstitial lung changes. NET's
are known to signal intracellularly through the cyclic GMP-AMP
synthase-Stimulator of interferon genes (cGAS-STING) pathway
to release type I IFN (51). This pathway has been shown to be acti-
vated within the lung tissue of patients with severe COVID-19 and
further reinforces the importance of NETs in disease pathogenesis
(52). It remains unknown at which point therapies would need to be
administered to target these pathways and interrupt this process, al-
though some researchers have speculated that this should occur
during the early phases of disease (10). Whether acute COVID-19
therapies that would suppress type I IFN signaling [such as Janus
Kinase (JAK) inhibitors] or neutrophil-mediated inflammation
(such as neutrophil elastase inhibitors or extracorporeal removal
of NETs through therapeutic apheresis) can effectively reduce the
likelihood of long-term pulmonary sequelae requires further study.

To gain a more detailed mechanistic insight into the key alter-
ations in inflammatory signaling pathways, we used phosphopro-
teomic evaluation of PBMCs, which uncovered a range of kinases
enriched in individuals with post-COVID-19 interstitial changes.
Consistent with our proteomic and transcriptomic data, a number
of these enriched kinases have roles in proinflammatory and neu-
trophilic pathways, as well as antiviral immunity. These include
CDK?2 [a canonical cell cycle regulator with roles in neutrophil mi-
gration (53)], IRAKI [a component of inflammasome and TLR sig-
naling, as well as type I IFN signaling (54, 55)], and JNK2, which has
roles in proinflammatory cytokine responses and neutrophil effec-
tor functions (56). Moreover, phosphorylation sites increased in in-
dividuals with interstitial changes also included proteins implicated
in actin cytoskeleton organization. Actin cytoskeleton breakdown is
an early feature in the sequence of cellular events occurring in
NETosis and precedes plasma and nuclear permeabilization and
chromatin decondensation (57, 58). This is consistent with our
finding that markers of NETosis are increased in individuals with
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post—COVID-19 interstitial changes and further supports a poten-
tial mechanistic role for neutrophil-associated inflammatory path-
ways in driving this complication. A range of licensed or late-stage
developmental therapies are available that target these kinases and
pathways (59—61); these approaches may therefore be of future value
for ameliorating post—-COVID-19 interstitial lung disease.

Sequential evaluation and sampling of our cohort at a second
follow-up visit about 6 months after the initial 3- to 6-month assess-
ment indicated that abnormalities in lung function, radiographic
changes, and symptom scores show evidence of improvement
with time. However, lung function abnormalities, radiological
changes, and symptom scores have not fully normalized at this
time point (although information about premorbid values for
these variables was not available). Whether full normalization of
these parameters occurs by a later time point (such as 18 or 24
months) requires future study, and it is unclear whether some indi-
viduals will suffer from chronic post—~COVID-19 lung fibrosis. The
true long-term burden of this complication remains unknown, and
results of ongoing large-scale cohort studies are awaited (62).

Our study has limitations. First, immune signatures in this study
were assessed in peripheral blood and nasal samples. This was a
pragmatic approach that allowed sampling to be carried out in a
minimally invasive, safe, and cost-effective manner, which also fa-
cilitated repeat sampling. However, it should be noted that the
primary site of pathology for post—-COVID-19 interstitial lung
changes is the lower respiratory tract. Although previous studies
have shown correlations between nasal and lower airway inflamma-
tory pathways (63), it should be acknowledged that there are likely
to be anatomical differences in immune expression between these
sites that can only be resolved through direct analysis of samples
taken directly from the lower airways (such as lavage or biopsies
taken using bronchoscopy). Second, although our multiomic anal-
yses identified a number of neutrophil specific readouts, we were
unable to undertake a more detailed assessment of neutrophil sub-
phenotypes or activation status. Such analyses cannot be performed
retrospectively and would require flow cytometric analysis of fresh
blood or airway samples. Third, although our PBMC isolation
methods for phosphoproteomic analyses do not formally remove
the neutrophils, the freeze-thaw process and wash steps that the
samples go through effectively depletes neutrophils and their rem-
nants. We cannot fully exclude the presence of neutrophil debris or
lysate within the analyzed PBMCs. Last, although our in vitro
studies indicated that NETs may induce expression of fibrogenic
mediators in AECs, in vivo formation and activity of NETs are far
more complex and are unlikely to be fully recapitulated in our
model. Up-regulated expression of fibrogenic mediators indicates
a potential for NET-induced pulmonary fibrosis, but further
studies using in vivo models will be required for more comprehen-
sive evaluation.

In conclusion, our study uncovers mechanistic insight into the
immune pathways driving post—-COVID-19 interstitial changes. The
longer-term implications of whether chronic changes occur in a
subset of these individuals and the potential of targeting neutrophil-
ic inflammation, either in the acute or the recovery phase of
COVID-19, to limit disease sequelae require further study.
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MATERIALS AND METHODS

Study design

PROSAIC-19 (prospective longitudinal assessment in a COVID-
19-infected cohort) is a study prospectively recruiting individuals
with COVID-19 confirmed by positive polymerase chain reaction
from 1 March 2020 to 1 November 2021. The PROSAIC-19 study
aims to comprehensively characterize the long-term pulmonary se-
quelae of COVID-19 at a clinical and biological level with the am-
bition of developing interventions that reduce long-term morbidity
associated with the disease. There was no intervention, blinding, or
randomization conducted as part of study recruitment.

Approvals and participants

The study was approved by the South Central Oxford A Research
Ethics Committee (Ref: 20/SC/0208). All participants provided in-
formed written consent. Data were managed using REDCap elec-
tronic data capture tools to minimize missing inputs and allow
for real-time data validation and quality control. A prespecified
case report form was used to prospectively record clinical demo-
graphics during acute illness including disease severity, medica-
tions, risk factors, and comorbidities at the time of study entry.
COVID-19 severity was characterized by the highest seven-category
scale during the hospital stay (termed the severity), which consisted
of the following categories: 1, not admitted to hospital with resump-
tion of normal activities; 2, not admitted to hospital but unable to
resume normal activities; 3, admitted to hospital but not requiring
supplemental oxygen; 4, admitted to hospital but requiring supple-
mental oxygen; 5, admitted to hospital requiring high-flow nasal
cannula, noninvasive mechanical ventilation, or both; 6, admitted
to hospital requiring extracorporeal membrane oxygenation, inva-
sive mechanical ventilation, or both; and 7, death (64). Participants
with scores 5 through 7 were categorized as “severe” disease, and
participants with scores 1 to 3 were deemed "mild.”

All participants were sampled after hospital discharge at about 3
to 6 months (visit 1), and those with severe disease were invited to
attend for further clinical assessment and sampling at about 6
months after this (visit 2). Healthy individuals were recruited as
disease controls for the study and sampled once. At baseline and
follow-up time points, venous blood sampling and nasal brushings
were performed alongside a validated quality-of-life questionnaire
(St. George Respiratory Questionnaire). Participants with severe
disease had CT chest imaging and pulmonary function tests as
part of standard clinical post-COVID-19 follow-up.

Proteomic assays

Plasma proteomic measurements were performed using Olink
proximity extension immunoassays (www.olink.com/products/).
Two 92-protein multiplex Olink panels were run (“inflammation”
and “immune response”), resulting in 184 measurements per
sample. Because a small number of proteins (three) were measured
on more than one panel, we therefore measured a total of 181
unique proteins. The Olink assays were run using 88 samples per
plate. All plates were run in a single batch. Plate layouts were de-
signed to avoid confounding of potential plate effects with biolog-
ical or clinical variables of interest ensuring case/control balance
across plates with random selection of samples from each category
and random ordering of allocation to wells. Specifically, a fixed pro-
portion of each plate was designated for control samples. The data
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were normalized using standard Olink workflows to produce rela-
tive protein abundance on a log, scale ("NPX"). Quality assessment
was performed by (i) examination of Olink internal controls and (ii)
inspection of boxplots, relative log expression plots (65), and prin-
cipal component analysis.

Nanostring nCounter analysis

Total RNA was extracted from nasal brush samples using a Qiagen
RNAeasy kit following the manufacturer's instructions. Nanostring
profiling of host response was performed using the nCounter
Human Host Response Panel. Total RNA (50 ng) was hybridized
to reporter and capture probe sets at 65°C for 24 hours. Probe
set—target RNA complexes were purified and immobilized on
nCounter Cartridges using an nCounter Prep Station (3 hours
and 20 min total time). Data collection was carried out in the
nCounter Digital Analyzer; at the highest standard data resolution,
555 fields of view were collected (6 hours total time) per flow cell
using a microscope objective and a charge-coupled device camera
yielding data of all the target molecule counts. Raw data were pre-
processed using both nSolver 2.0 software (Nanostring Technolo-
gies) and the Rosalind packages. Preprocessing sequentially
corrects for three factors: technical variation, background, and
sample content. First, using a set of exogenous positive control
RNAs present in each sample, technical variation was accounted
for by adjusting the counts in each sample to the geometric mean
of counts for positive control counts in all samples. Subsequently, a
background correction was performed by subtracting the maximum
count value of the negative control probes in a sample from each
probe output within the sample. Transcript counts that were nega-
tive after background correction were set to 1. Each sample was then
normalized for RNA content by adjusting the counts to the geomet-
ric mean of 15 housekeeping genes. Last, the data were log,-trans-
formed. Network data were designed by association matrix, and the
graph file was created using Gephi. Nodes were aligned by Force
Atlas algorithm, and the centrality was calculated by the between-
ness. Downstream statistical analyses were performed using Graph-
Pad Prism version 9.0.

Phosphoproteomic assays
PBMC:s (3 x 10°) were washed with phosphate-buffered saline (PBS)
and lysed with a buffer containing 8 M urea in 20 mM Hepes (pH 8)
supplemented with 1 mM Na;VO,, 1 mM NaF, 1 mM Na B-glycerol
phosphate, and 2.5 mM Na,H,P,0;. The resultant lysates were then
processed as previously described (66). Briefly, samples were soni-
cated and normalized to 110 pg of protein through the use of a
Pierce bicinchoninic acid assay, following which samples were sub-
jected to tryptic digestion before desalting and phosphoenrichment.
Enriched phosphopeptides were loaded onto a liquid chroma-
tography with a tandem mass spectrometry (LC-MS/MS) system
consisting of Dionex UltiMate 3000 rapid separation liquid chroma-
tography directly coupled to an Orbitrap Q-Exactive Plus mass
spectrometer (Thermo Fisher Scientific). The LC method com-
prised mobile phases A [3% Acetonitrile ACN; 0.1% Formic Acid
(FA)] and B (100% ACN; 0.1% FA). Peptides were trapped on a
p-precolumn (Thermo Fisher Scientific) at a flow rate of 10 pl/
min and separated on a 50-cm EASY-Spray (Thermo Fisher Scien-
tific) LC Column with a gradient of 3 to 23% B (across 90 min) and a
flow rate of 0.3 ul/min. The mass spectrometer operated with a 2.1-s
duty cycle. MS1 survey spectra [mass-to-charge ratio (m/z) 375 to
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1500] were acquired with a resolution of 70,000 and followed a data-
dependent acquisition method in which the 10 most intense ions
were selected for fragmentation; subsequent fragments (MS2; scan-
ning 200 to 2000 m/z) were acquired with a resolution of 17,500.
Dynamic exclusion was set to 30 s.

Peptide identification steps systematically searched LC-MS/MS
data against the SwissProt human database using Mascot 2.5
(Matrix Science) (67). Allowable peptide modifications included
phospho-Ser (S), phospho-Thr (T), phospho-Tyr (Y), oxidized
Met (M), and pyro-Glu (Q). Phosphopeptide intensities were quan-
tified in each sample through the use of in-house PiQuant software.
Missing values were imputed using a multiple imputation strategy.
In brief, this involves imputation of missing-completely-at-random
values with a maximum likelihood estimator approach, followed by
imputation of missing-not-at-random values with an imputation
under a Gaussian complete data assumption approach. Data were
then scale-normalized, and differential expression analysis was per-
formed through the fitting of an empirical Bayes linear model (68).
The prior probability for differential expression was set at 1%. A
posterior probability of differential expression greater than 0.99
(translating to a log OR above 4.599) was considered strong evi-
dence of differential expression. Where provided in the differential
expression analyses, P values were adjusted for multiple testing
through the use of the Benjamini-Yekutieli procedure. Kinase activ-
ities from the phosphoproteomics data were calculated using KSEA
as described previously (69, 70).

Infection of AECs with SARS-CoV-2

Before infection, cells were washed once with PBS. Cells were inoc-
ulated in triplicate with SARS-CoV-2 alpha variant at 0.1 multiplic-
ity of infection or media control, diluted in 250 pl of bronchial
epithelial cell growth basal medium, on the apical surface only.
After 2 hours of incubation at 37°C, the inoculum was removed,
and unbound virus was washed off using 500 pl of PBS, correspond-
ing to the beginning of the time course. AECs were harvested at
3 and 7 days after infection to measure cellular viral RNA,
immune mRNA, and fibrotic mRNA. Upon harvest, apical
washes were collected by the addition of 500 ul of PBS for 5 min.
Cells were collected in RNA lysis (RLT) buffer (Qiagen) containing
1% 2-mercaptoethanol for total RNA extraction.

Generation of NETs and administration in A549 cells

NETSs were generated as previously described (71). In brief, dimeth-
yl sulfoxide—differentiated HL60 neutrophils were incubated in
Dulbecco’s modified Eagle’s medium (DMEM) and stimulated
with 100 nM phorbol 12-myristate 13-acetate (PMA) for 5 hours.
The medium was removed and centrifuged for 5 min at 10,000g
to remove cells and cellular debris. Two milliliters of HL-60
PMA-stimulated media or standard DMEM + 100 nM PMA was
added to submerged A549 cells (American Tissue Culture Collec-
tion Catalog number CCL-185) and incubated at 37°C with 5% CO,,
Cell lysates were collected in RLT buffer (Qiagen) at 24 and 48 hours
after administration.

Data analysis

Raw, individual-level data for experiments where n < 20 are present-
ed in data file S1. Data from human samples were analyzed using the
Mann-Whitney U test (<2 groups) or the Kruskal-Wallis test with
Dunn's posttest (>2 groups). Correlations between datasets were
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examined using Spearman'’s rank correlation coefficient. All statis-
tics were performed using GraphPad Prism 8 software. Differences
were considered significant when P < 0.05.
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Casting a wide NET on long COVID

A substantial number of individuals who recover from COVID-19 still present with long-term sequelae. Here, George

et al. followed individuals after recovery from severe COVID-19 to identify features that distinguished those that

had evidence of long-term pulmonary sequelae from those who made a full recovery. They found that a neutrophil-
associated inflammatory phenotype was apparent in those who had persistent pulmonary symptoms, and evidence of
neutrophil extracellular traps, or NETs, was found in the blood of these individuals. These data highlight a potential role
for neutrophils in pulmonary long COVID.
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