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Increase of mast cells in COVID-19 pneumonia may contribute to pulmonary fibrosis and
thrombosis

Aims: Lung tissue from COVID-19 patients shares
similar histomorphological features with chronic lung
allograft disease, also suggesting activation of
autoimmune-related pathways in COVID-19. To more
clearly understand the underlying spectrum of patho-
physiology in COVID-19 pneumonia, we analysed
mRNA expression of autoimmune-related genes in
post-mortem lung tissue from COVID-19 patients.
Methods and results: Formalin-fixed, paraffin-
embedded lung tissue samples of 18 COVID-19
patients and eight influenza patients were used for
targeted gene expression profiling using NanoString
technology. Multiplex immunofluorescence for tryp-
tase and chymase was applied for validation. Genes
related to mast cells were significantly increased in
COVID-19. This finding was strengthened by multi-
plex immunofluorescence also showing a significant
increase of tryptase- and chymase-positive cells in

COVID-19. Furthermore, receptors for advanced gly-
cation end-products (RAGE) and pro-platelet basic
protein (PPBP) were up-regulated in COVID-19 com-
pared to influenza. Genes associated with Type I
interferon signalling showed a significant correlation
to detected SARS-CoV2 pathway-related genes. The
comparison of lung tissue samples from both groups
based on the presence of histomorphological features
indicative of acute respiratory distress syndrome did
not result in finding any specific gene or pathways.
Conclusion: Two separate means of measuring show a
significant increase of mast cells in SARS-CoV-2-
infected lung tissue compared to influenza. Addition-
ally, several genes involved in fibrosis and thrombosis,
among which are RAGE and PPBP, are up-regulated in
COVID-19. As mast cells are able to induce thrombosis
and fibrosis, they may play an important role in the
pathogenesis of COVID-19.
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Introduction

The ongoing pandemic of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has led to a
massive number of infections resulting in coronavirus
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disease-2019 (COVID-19). As of May 2022, the World
Health Organisation reported approximately 520 mil-
lion confirmed cases worldwide, with more than
6.2 million deaths. COVID-19 has a vastly higher mor-
tality compared to other viral lung diseases, such as
influenza, which has an in-hospital mortality of only
5.8% compared to 16.9% for COVID-19.1 Symptoms of
COVID-19 vary from mild respiratory symptoms to pro-
gressive respiratory deterioration, resulting in acute
respiratory distress syndrome (ARDS).2,3 Histology of
lung tissue obtained from autopsy on COVID-19
patients shows features indicative of ARDS, including
diffuse alveolar damage (DAD), acute fibrinous and
organising pneumonia (AFOP), organising pneumonia
(OP) and microvascular thrombotic occlusions.4–7

These histomorphological features have also been
observed to the same extent in lung tissue obtained
from patients with severe influenza, but are not limited
to viral lung diseases only.8,9 Chronic rejection after
lung transplantation, especially chronic lung allograft
dysfunction (CLAD) with a restrictive allograft syn-
drome phenotype, also shows AFOP, OP and DAD.10

This similarity poses the question of whether
autoimmune-related inflammatory reaction plays an
important role in COVID-19.
To more clearly understand the pathophysiology

behind COVID-19, measuring differential protein and
gene expression in lung tissue of COVID-19 pneumonia
can be an important tool. Recent ‘omics’ studies, includ-
ing proteomics, transcriptomics and genomics, found
up-regulation of various markers in serum involved in
complement system pathways, metabolic suppression,
coagulation and inflammation processes.11–14 Some
studies have identified specific markers in serum to be up-
regulated in COVID-19 compared to influenza; namely,
cytokines and interferons such as CCL2, CXCL10 and
IL10.15,16 Interestingly, CCL2 is also elevated in bron-
choalveolar lavage (BAL) fluid within the local allograft
milieu during primary graft dysfunction.17

Mudd and colleagues, however, found no signifi-
cant difference in expression of proinflammatory
genes predicting death in serum of COVID-19 patients
compared to influenza.18 Interestingly, when compar-
ing serum RNA-seq analyses with lung tissue, mini-
mal concordance in detected biomarkers was found.19

In light of the above-mentioned similarities with
CLAD, we chose to employ an autoimmune-specific
expression panel in lung tissue to delineate which
autoimmune-related pathways were activated in
COVID-19. To our knowledge, this is the first study in
which specifically autoimmune-related genes were
measured in post-mortem lung tissue. Comparison to
influenza as a control group was chosen, as both

diseases show similar histomorphological features in
autopsy findings but have different mortality rates.

Methods

T I S S U E P R O C U R E M E N T

Tissue samples were obtained from patients who died
due to COVID-19 during the first months of the
COVID-19 pandemic, March 2020 to June 2020.
Table 1 shows an overview of patient characteristics,
medical history and clinical presentation before death
or lung transplantation (details are shown in Sup-
porting information, Table S1). Post-mortem lung tis-
sue from COVID-19 patients was derived from eight
full autopsies performed in the Erasmus Medical Cen-
ter in Rotterdam, the Netherlands. Additionally, nine
surgical biopsies of post-mortem lung tissue were
included, which were performed at the St Antonius
Hospital in Nieuwegein, the Netherlands. Addition-
ally, one patient was included who underwent lung
transplantation in the Erasmus Medical Center due to
progressive respiratory deterioration after COVID-19
infection. Lung tissue was fixated in formalin for
24 h. In the Erasmus Medical Center, post-mortem
lung tissue was fixated in formalin for 2 weeks, due
to risk of infection. Formalin-fixed paraffin-embedded
(FFPE) post-mortem lung tissue from influenza

Table 1. Patient characteristics

COVID-19
(n = 18)

Influenza
(n = 9)

Age, years (SD) 67.5 (21) 39 (48)

Sex

Male (%) 11 (61) 2 (22)

Female (%) 7 (39) 7 (78)

Comorbidities

Obesity (%) 6 (33) 0 (0)

Cardiovascular disease
(%)

7 (39) 2 (22)

Malignancy (%) 2 (11) 3 (33)

Complications during admittance

Acute renal insufficiency
(%)

8 (44) 0 (0)

Thrombotic complication
(%)

10 (56) 4 (44)

Co-infection (%) 4 (22) 4 (44)
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patients served as a non-matched control group.
Autopsy reports between 1990 and 2020 were auto-
matically selected if the conclusion stated that the
cause of death was (partially) due to influenza. Lung
tissue samples from nine consecutive influenza full
autopsies were ultimately selected. Consent was given
from the next of kin to utilise post-mortem organ tis-
sue from autopsies for research purposes.
FFPE blocks were sectioned by microtome (4 lm)

and stained with haematoxylin and eosin. Lung tissue
slides per autopsy varied between two and 20 slides,
of which one slide representative of the overall histol-
ogy was selected by an experienced pulmonary
pathologist for analysis of pattern-based histomorpho-
logical diagnosis. Slides were classified by DAD phase
as either ‘acute’ or ‘organising’ based on histomor-
phological features in the majority of affected alveoli
(Figure 1). Hyaline membranes, oedema, intra-
alveolar erythrocytes and AFOP were features indica-
tive for acute DAD; proliferations of fibroblasts,
intra-alveolar organising fibrosis and squamous meta-
plasia were indicative for organising DAD. Presence
of (micro)thrombi was determined if present in at
least one of the lung tissue slides per autopsy. Then,
one paraffin block of which the corresponding slide
had the highest presence of these histomorphological
features was selected for gene expression profiling.

R N A I S O L A T I O N A N D Q U A L I T Y C O N T R O L

Ten sections of 10 lm thickness were mounted on glass
slides for RNA isolation. One slide per case was used for
RNA isolation, which was a consecutive slide from the
same FFPE block used for histomorphological examina-
tion. The FFPE samples were deparaffinised in xylene for
2 min followed by a sequential of 90–70% ethanol, then
washed in distilled water for 4 min. Tissue samples were
scraped from glass slides and transferred to Eppendorf
tubes with 240 ll digestion buffer. RNA isolation was
performed with the RNeasy FFPE kit (Qiagen, Valencia,
CA, USA), following the manufacturer’s instructions.
RNA was eluted in 14 ll RNase-free water and stored
at �80°C until profiled. The quality and quantity of
RNA samples were measured by the Agilent 2100 Bio-
analyser (Agilent Technologies, Santa Clara, CA, USA).
In case of insufficient quantity or quality, RNA was re-
isolated from additional sections of the sample. A mini-
mum corrected concentration of 60 ng/ll was required
for inclusion in autoimmune-related gene expression
profiling. Corrected concentration was calculated using
the percentage of fragments between 300 and 4000
nucleotides (RNA) multiplied by the concentration of all
fragments.

N A N O S T R I N G G E N E E X P R E S S I O N P R O F I L I N G

The autoimmune profiling panel (XT_Hs_AIProfil-
ing_CSO) and coronavirus panel plus, provided by Nano-
String Technologies (Seattle, WA, USA), were used for
gene expression profiling. The autoimmune panel consists
of 770 genes, including internal reference genes. The
coronavirus panel consists of 10 genes and enables mea-
surement of the SARS-CoV-2 virus. For each sample,
300 ng of RNA was hybridised with probes of the panels
for 17 h at 65°C using the SimpliAmp Thermal Cycler
provided by Applied Biosciences (Waltham, MA, USA).
The excess-unhybridised probes were washed in the
PrepStation of the nCounter� FLEX System
(GLMX_SCT0002). Gene counts were performed by scan-
ning 490 field-of-view using the nCounter digital scanner.

D A T A A N A L Y S I S

Data were analysed using the nSolverTM software ver-
sion 4.0 and the advanced analysis module version 2.0
(NanoString). A quality control step was performed to
check the technical performance of gene expression
profiling. Raw data were normalised using the most
stable housekeeping genes (Supporting information,
Table S2) using the geNorm algorithm in the advanced
analysis module. The differentially expressed genes
were identified using the advanced analysis module
version 2.0. Log2 normalised counts were used to cal-
culate relative change throughout the samples.

C E L L T Y P E S A N D P A T H W A Y S C O R E S

The SARS-CoV-2 pathway score was defined using the
average count of SARS-CoV-2-related genes included
in the coronavirus panel plus. The SARS-CoV-2 path-
way included SARS-CoV-2 genes expressed above the
detection limit in ≥ 50% of the samples. Cell scores
were calculated based on expression of predefined
genes. Genes that did not correlate (P > 0.05) with
other genes within the same cell type were discarded.
Cell type abundances were defined as the average log2
expression of their characteristic genes. Genes used for
characterisation of the pathway score and cell types
are shown in Supporting information, Table S3.

M U L T I P L E X I M M U N O F L U O R E S C E N C E F O R M A S T

C E L L S

For multiplex immunofluorescence analysis, one slide
was cut from the same FFPE blocks used for gene
expression profiling. Due to lack of material, four
COVID-19 FFPE blocks were excluded. Multiplex
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immunofluorescence was performed with an auto-
mated, validated and accredited staining system (Ven-
tana Ultra Discovery; Ventana Medical Systems,
Tucson, AZ, USA) using the universal procedure

protocol (Supporting information, Table S4). In brief,
following deparaffinisation and heat-induced antigen
retrieval with CC1 (#950-224; Ventana) for 32 min
at 100°C, slides were incubated with CMA1 for

A B C

D E F

G H I

Figure 1. Histology of lung tissue of severe COVID-19 and influenza. An overview of COVID-19 lung tissue (A) displays features of acute

DAD consisting of intra-alveolar dispositions of hyaline membranes (B) and scattered ‘balls’ of fibrin indicative for AFOP (C). Lung tissue of

influenza samples show features of acute and organising DAD. Extensive intra-alveolar haemorrhage and macrophages (D) are indicative for

acute DAD, while patchy distribution of fibroblastic proliferations (E) and squamous metaplasia (F) are features fitting organising DAD. Dis-

played features indicative for acute DAD, organising DAD and AFOP were interchangeable between COVID-19 and influenza. G–I, Thrombi

of various sizes from COVID-19 samples. Microthrombi (G) as well as thrombi in small or large arteries (H, I) were more often seen in

COVID-19 than influenza. AFOP, acute fibrinous and organising pneumonia; DAD, diffuse alveolar damage.
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32 min at 37°C. Detection was carried out using
Ultramap anti-rabbit horseradish peroxidase (HRP)
(#760-4315; Ventana) followed by 8 min cyanin 5
(Cy5) (#760-238; Ventana) for visualisation. Anti-
body heat deactivation was performed using cell con-
ditioning 2 buffer (CC2) (#950-123; Ventana) for
20 min at 100°C. Secondly, tryptase was incubated
for 32 min at 37°C followed by Ultramap anti-mouse
HRP (#760-4313; Ventana), followed by 4 min FAM
(#760-243; Ventana) for visualisation. Slides were
washed in phosphate-buffered saline and coverslipped
with 40,6-diamidino-2-phenylindole (DAPI) in vec-
tashield. Full scans of the slides were made with a
Zeiss Axxio Imager M2 (Zeiss, Oberkochen, Germany).
As distribution and quantity of positive-stained cells
by immunofluorescence varied between cases, areas
of 1 mm2 with the highest density of stained cells by
immunofluorescence were selected to determine the
distribution of tryptase-, chymase- or double-positive
cells. Selected hot-spots corresponded with areas of
high inflammation on the haematoxylin and eosin
(H&E) slide. Automated cell counting in the said area
was then performed by QuPath (version 0.3.1, devel-
oped at the University of Edinburgh). Lastly, cells
were considered tryptase-, chymase- or double-
positive based on the intensity of the corresponding
immunofluorescence staining.

S T A T I S T I C A L A N A L Y S I S

P-values < 0.05 were considered statistically signifi-
cant. Correction for multiple testing was performed
using Benjamin–Hochberg procedures. Pearson’s cor-
relation was used to test correlation between the
SARS-CoV-2 pathway score and differentially
expressed genes. Wilcoxon’s rank-sum exact test was
used to test for difference in stained cells by multiplex
immunofluorescence, as well as differences in contin-
uous data between COVID-19 and influenza stated in
the patient characteristics. Statistical analyses were
performed in R software (version 4.1.2). Figures were
created in GraphPad Prism (version 8.0.2).

Results

D I F F E R E N C E S B E T W E E N C O V I D - 1 9 A N D S E V E R E

I N F L U E N Z A

No significant differences in time to death from symp-
tom onset (P = 0.824), time of hospitalisation
(P = 0.861) and intubation time (P = 0.791) were
found between COVID-19 and severe influenza
patients (Table 1). Gene expression analysis was first
performed by comparing samples of COVID-19 to sev-
ere influenza (Figure 2). A total of 43 genes were
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Figure 2. Volcano plot displaying each gene’s –log10 (P-value) and log2 fold change. Twelve of the 43 differentially expressed genes had an

adjusted P-value of <0.50. Genes with a negative fold change are up-regulated in influenza (blue), whereas genes with positive fold change

are up-regulated in COVID-19 (orange). [Color figure can be viewed at wileyonlinelibrary.com]
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significantly differentially expressed between COVID-19
and influenza (P = 0.05), including RAGE (receptor
for advanced glycation end-products), PPBP (pro-
platelet basic protein) and MDM2 (proto-oncogene).
Although none of the individual differentially
expressed genes were significantly different after cor-
rection for multiple testing, the data trended towards
a higher expression of specific genes in COVID-19, as
16 of the 43 differentially expressed genes correlated
with the SARS-CoV-2 pathway score (P < 0.05)
(Table 2). Expression of AGER was borderline signifi-
cantly correlated with the SARS-CoV-2 pathway
score (0.20, P = 0.058).
Genes related to mast cells were significantly up-

regulated in COVID-19 compared to influenza
(P = 0.0172), which were TPSAB1/B2, CPA3 and
HDC (Figure 3). Sets of genes related to other cell
types or pathways of the immune system showed no
significant difference. COVID-19 samples were anal-
ysed for presence of SARS-CoV-2-related genes. Seven
of 11 genes were expressed in > 50% of the COVID-
19 cases and were therefore included for pathway
analysis with individually expressed genes (SARS-
CoV-2-E/G/S, SARS-COV-2-ORF1a/3a/7a/8).

D I F F E R E N C E S B A S E D O N H I S T O M O R P H O L O G Y

To determine whether there is a correlation between
gene expression and phase of DAD (acute or organis-
ing) independent of the type of pulmonary disease,
lung tissue slides from both disease groups were
divided into two (Supporting information, Table S5).
The acute phase of DAD was seen in 11 of 18
COVID-19 cases compared to seven of nine influenza
cases. AFOP was present in seven of 18 COVID-19
cases and seven of nine influenza cases. Microthrombi
were present in 10 of 18 COVID-19 cases compared
to four of nine influenza cases. Gene expression was
performed between groups based on the DAD phase,
regardless of disease (18 acute DAD and nine organis-
ing DAD cases); 36 differentially expressed genes were
found. Similarly, comparison of gene expression
between 14 cases with AFOP and 13 cases without
AFOP showed 42 differentially expressed genes (Fig-
ure 4). The differentially expressed genes in both
analyses did not differ significantly after corrective
statistical analysis. No significant differences in path-
way expression or cell types were found.

M U L T I P L E X I M M U N O F L U O R E S C E N C E

Multiplex immunofluorescence staining for tryptase
and chymase was performed on both groups of lung
tissue to analyse distribution of different mast cell
types between COVID-19 and influenza (Figures 5
and 6). Percentage of either tryptase-, chymase- or
double-positive-stained cells of the total detected cells
in these hot-spots were compared between both
groups. Hot-spots of COVID-19 lung tissue showed a
significantly higher percentages of double-positive
stained cells compared to influenza lung tissue
(P = 0.050). Percentages of either tryptase- or
chymase-positive cells were also elevated in COVID-19
compared to influenza, although without statistical
significance (respective P-values were 0.082 and
0.148).

Discussion

Using two separate means of measuring (gene expression
analysis and multiplex immunofluorescence), we show
that mast cells are significantly increased in COVID-19
lung tissue. Several studies have shown mast cell activity
in both viral lung diseases, although without direct com-
parison.20–22 To our knowledge, only one study directly
compared mast cell infiltration in post-mortem lung
biopsies from influenza and COVID-19 patients with the
use of immunohistochemistry and found an increase of

Table 2. Correlation scores of differentially expressed
genes to the SARS-CoV-2 pathway score with correspond-
ing P-values

Gene Correlation P-value

IFIH1 0.812 <0.001

RSAD2 0.784 <0.001

IFI44L 0.766 <0.001

S1PR1 0.756 <0.001

ISG20 0.73 <0.001

IL18R1 0.728 <0.001

HLA-E 0.728 <0.001

IFIT1 0.728 <0.001

CXCL13 0.668 0.002

BST2 0.665 0.002

TNFRSF10B 0.624 0.005

GBP3 0.547 0.018

TGFBR2 0.539 0.02

TEK 0.533 0.022

CFLAR 0.514 0.028

MYC 0.486 0.039
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mast cells in COVID-19, similar to our results.23 Further-
more, it has been described that COVID-19 hyper-
inflammation is consistent with mast-cell-driven inflam-
mation, and may have therapeutic implications.21,22

Our study focused upon autoimmune-related genes, as
autoimmune-related hyper-inflammation and the
concurrent cytokine storm are described as important
drivers for disease progression.24 The outcome of
increased mast cells activity in COVID-19 is strength-
ened by our multiplex immunofluorescence data, as

COVID-19 lung tissue has a higher density of tryptase-
and chymase-positive cells compared to influenza. Both
tryptase and chymase are secreted by mast cells, and
are known to be fibrogenic factors.25,26 Interestingly,
tryptase- and chymase-positive mast cells are also
increased in CLAD and other diseases with involve-
ment of pulmonary fibrosis,27–29 suggesting that both
diseases have similar underlying biological processes.
The increase of mast cells may also affect the relatively
high occurrence of pulmonary embolisms in COVID-
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(P = 0.0172). B, Distribution of normalised data of genes related to mast cells in influenza (blue) and COVID-19 (orange). Included genes for
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19, as mast cells were found to induce thrombosis
through activation of clotting factors and platelets.30,31

Taken together, these results suggest that tryptase-
and chymase-positive mast cells may play a role in
pulmonary fibrosis and embolisms in COVID-19.

U P - R E G U L A T E D G E N E S I N C O V I D - 1 9

Among the individual genes up-regulated in COVID-19,
the gene with the highest fold change of up-regulated in
COVID-19 lung tissue was RAGE, also known as AGER.
RAGE is a proinflammatory receptor and has been
implicated in the pathogenesis of various lung diseases,
including chronic obstructive pulmonary disease
(COPD), asthma and pulmonary fibrosis.32,33 RAGE
may not be highly specific for identifying COVID-19, as
advanced glycation end-products (AGE) are also associ-
ated with diabetes, atherosclerosis, inflammation and
obesity.34–36 Also, the aforementioned comorbidities are

risk factors for developing severe COVID-19. Nonethe-
less, there is considerable evidence that RAGE is related
to pathogenic processes in COVID-19. First, the soluble
form of the receptor (sRAGE) and damage-associated
molecular patterns (DAMP) ligands of RAGE such as
HMGB1 and S100A derivatives were elevated in serum
of COVID-19 patients, with higher concentrations corre-
sponding with increased severity.37,38 Secondly,
HMGB1 was found to be associated with the formation
of NETs (neutrophil extracellular traps), which has been
demonstrated in COVID-19 patients.39–42 Lastly, AGE–
RAGE interaction induces histamine production in mast
cells, which further stimulates fibroblast migration in
lungs.43,44

Another interesting up-regulated gene in COVID-19
lung tissue is PPBP, also known as pro-platelet basic
protein or chemokine C-X-C motif ligand 7 (CXCL7).
PPBP is present in platelets after thrombus formation
followed by neutrophil attraction, and is up-regulated

0.08

0.06

0.04

%
 p

os
iti

ve
 c

el
ls

0.02

0.00
Influenza COVID-19

p=0.05016

A B

C D Tryptase and chymase

Figure 5. Multiplex immunofluorescence of tryptase and chymase. A, Haematoxylin and eosin staining of lung tissue. This case depicts lung

tissue affected by COVID-19. B, Multiplex immunofluorescence of the same area. Tryptase is stained green and chymase is stained white. Cell

nuclei are stained blue by 40,6-diamidino-2-phenylindole (DAPI). The yellow square depicts the hot-spot selected for automated cell count. C,

Enhanced view of hot-spot. Cells detected by QuPath are encircled. Yellow border: tryptase-positive cells. Pink border: chymase-positive cells.

Red border: tryptase- and chymase-positive cells. Grey border: tryptase- and chymase-negative cells. D, Box-plot of tryptase- and chymase-

positive cells; the y-axis depicts the percentage of double-positive cells from the total cells.
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in the serum of COVID-19 patients in a grade-
dependent manner for predicting intubation.45–47

Several studies suggest that the incidence of throm-
botic complications in hospitalised patients with
COVID-19 patients is higher than in patients hospi-
talised with influenza. Therefore, it is not surprising
that a platelet-derived protein would be up-
regulated in COVID-19, as opposed to influenza.48,49

These findings, combined with our data, suggest
that both RAGE and PPBP are potential biomarkers
to predict severity of COVID-19. As RAGE and
PPBP levels have been measured before in bron-
choalveolar fluid in previous studies, future research
should focus upon measuring these markers in
bronchoalveolar fluid from patients in the early
stage of COVID-19 to predict disease severity.50,51

Prognostic biomarkers may eventually influence the
treatment modality of choice of treatment before
severe disease progression.

S A R S - C O V - 2 P A T H W A Y C O R R E L A T E D G E N E S

None of the predetermined pathway genes showed a
significant difference in expression between COVID-19
and influenza lungs. Pathway expression of Type I
interferon signalling genes showed no significant dif-
ference in expression (P = 0.327). However, a variety
of Type I interferons and corresponding antiviral
markers were correlated with the SARS-CoV-2-
pathway score. This suggests that the expression of
Type I interferons is correlated with viraemia in the
lung tissue. IFIH1, an intracellular sensor of viral
RNA that triggers an innate immune response, had
the highest correlation with the SARS-CoV-2 path-
way. Additional genes correlated with the SARS-CoV-2
pathway were other Type I interferons IFI44L and
IFIT1, which appeared in bronchoalveolar fluid from
patients with severe COVID-19.52 Biomarkers involved
in Type I interferon immunoregulation, such as
RSAD2, ISG20, IL18R1 and BST2, also showed a sig-
nificant correlation with the SARS-CoV-2 pathway.
Multiple studies have demonstrated Type I interferons
to be up-regulated in the serum of severe COVID-19
patients.53,54 Moreover, mast cells secrete Type I inter-
ferons in response to a variety of viral infections,
including both influenza and COVID-19.55–57

U P - R E G U L A T E D G E N E S I N I N F L U E N Z A

MDM2 stands out as being up-regulated in lung tissue
of influenza patients. MDM2 is considered to be a main
negative regulator of p53 and is involved in various
intracellular signalling pathways, including tumour

suppression, cell nucleus stress response and interferon
Type I regulation.58,59 Studies have found that
influenza-infected cells are associated with accumu-
lation of MDM2, as influenza causes cells to pro-
duce viral non-structural protein 1, linked to
nucleolar stress.60,61 Regarding COVID-19, it was
hypothesised that SARS-CoV-2 would also interfere
with MDM2/p53 regulation, as other coronaviruses,
SARS-CoV and MERS-CoV, induce low Type I inter-
feron levels.62–65 Despite down-regulation of MDM2
in COVID-19 lung tissue, which implies dysregula-
tion of MDM2/p53 balance, our data oppose these
hypotheses, as various Type I interferons were up-
regulated in COVID-19.

H I S T O P A T H O L O G I C A L S I M I L A R I T I E S

To determine whether the similar histomorphological
features between COVID-19 and influenza were
caused by interchangeable biological processes, gene
expression in both diseases was compared according
to the presence of AFOP or DAD phases. However,
differentially expressed genes were either non-specific
chemokines or involved in rudimentary metabolic
processes. Groups based on the presence of these fea-
tures show no specific markers to be up-regulated,
suggesting that COVID-19 and severe influenza have
no similar biological processes behind characteristic
histomorphological features for ARDS.

S I M I L A R I T I E S B E T W E E N C O V I D - 1 9 A N D C L A D

As an interesting side note, our data showed that
TNFRSF10B was also found to be correlated with the
COVID-19 pathway. TNFRSF10B, as well as
TNFRSF10A, transduces an apoptosis signal when acti-
vated by TNFRSF10.66,67 Interestingly, TNFRSF10A and
TNFRSF10 were also up-regulated in bronchoalveolar
lavage fluid from patients with CLAD. CLAD is an
autoimmune inflammatory lung disease with similar his-
tomorphological features to COVID-19, including
AFOP.68,69 In addition, TNFRSF10B was up-regulated in
lung tissue with AFOP when compared to lung tissue
without this particular feature. Up-regulation of
TNFRSF10B was also found in serum of patients receiv-
ing renal transplantation.70 This further implies that the
histopathological similarities of CLAD and COVID-19 are
caused by a similar biological process.

L I M I T A T I O N S

This study was subject to a few limitations. First, data
were derived from a relatively small sample cohort
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due to the limited number of available autopsies on
influenza and COVID-19 patients from the first wave
of COVID-19. This may have also affected the differ-
ences in age and gender between both groups. How-
ever, the cohort of COVID-19 lung tissue selected for
this study is unique, as it is derived from unvacci-
nated patients. In most cases, prior vaccination will
influence the immune response due to the presence of
neutralising antibodies. As the worldwide COVID-19
vaccination rate increases, the availability of lung tis-
sue from non-vaccinated patients will be scarce, be it
from autopsies, biopsies or resections. Secondly, none
of the genes showed a statistical difference between
both groups after corrective statistics, although this
result was expected, because both groups have rela-
tively similar pathogenesis, histomorphological lung
tissue and clinical outcome. Nevertheless, if substanti-
ated it would be considered highly relevant for
disease-specific processes. Thirdly, treatment details
were not available for all influenza patients. Disease-
specific differences in gene expression may be influ-
enced by medication such as immunosuppressant or
anticoagulation. Although we do not expect a

substantial difference in treatment type between
cohorts, we could not rule out its effect in our
reported results with certainty. Nonetheless, such lim-
itations are inherent to the retrospective study design.
Lastly, lung tissue from COVID-19 patients were col-
lected in two different medical centres with different
protocols for fixation. The fixation process may affect
the quality of retrieved RNA. However, RNA quantity
and quality control and comparison of gene expres-
sion between centres verified that the fixation process
had no influence on outcomes.

Conclusions

Using two separate means of measurement, we found
mast cells to be increased in lung tissue of patients with
severe COVID-19 compared to influenza. As mast cells
are able to induce both thrombosis and pulmonary
fibrosis, the increase of mast cells may play an impor-
tant role in the pathogenesis of COVID-19. Further-
more, we identified several genes linked to fibrosis and
thrombosis that are up-regulated in severe COVID-19,
among which are RAGE and PPBP. We demonstrated

Influenza

COVID-19

A B C

D E F

Figure 6. Examples of multiplex immunofluorescence from different influenza (A–C) and COVID-19 (D–F) tissue samples. Tryptase and chy-

mase are stained green and white, respectively; nuclei are stained blue by 40,6-diamidino-2-phenylindole (DAPI). Note that the vast majority

of tryptase-positive cells in COVID-19 samples are also positive for chymase, while a substantial amount of tryptase-positive cells are negative

for tryptase in influenza samples. [Color figure can be viewed at wileyonlinelibrary.com]
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that influenza and COVID-19 show similar histomor-
phological patterns, although no up-regulation of
specific autoimmune-related pathways was found
when combining patients with these patterns in
COVID-19 and influenza. Our finding may have a clini-
cal implication, as the understanding of underlying
pathophysiology is essential for new targeted immuno-
suppressive therapy development. We suggest that
future studies should focus upon whether these
biomarkers could be detected in bronchoalveolar
lavage fluid of COVID-19 to predict the severity of
COVID-19 and potentially adjust treatment decisions.
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Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Table S1. Patient characteristics. 18 COVID-19
patients and 9 influenza patients were included. Age
is displayed in years. M = male, F = Female, ICU = in-
tensive care unit. *Not applicable. ***Medical reports
were unavailable.

Table S2. SARS-CoV-2 pathway characterization.

Table S3. Marker genes used for cell type charac-
terization.

Table S4. Multiplex immunofluorescence for mast
cells antibody information.

Table S5. Phase of diffuse alveolar damage (DAD)
and presence of acute fibrinous and organizing pneu-
monia (AFOP).
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