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Lung epithelial and myeloid innate immunity in influenza-
associated or COVID-19-associated pulmonary aspergillosis:
an observational study
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Marjan Hertoghs, Stephanie Humblet-Baron, Cato Jacobs, Katrien Lagrou, Lukas Marcelis, Julien Maizel, Philippe Meersseman, Rémy Nyga,
Laura Seldeslachts, Marick Rodrigues Starick, Karin Thevissen, Christophe Vandenbriele, Lore Vanderbeke, Greetje Vande Velde,

Niels Van Regenmortel, Arno Vanstapel, Sam Vanmassenhove, Alexander Wilmer, Frank L Van De Veerdonk, Gert De Hertogh, Peter Mombaerts,
Diether Lambrechts, Agostinho Carvalhot, Johan Van Weyenberght, Joost Wauterst

Summary

Background Influenza-associated pulmonary aspergillosis (IAPA) and COVID-19-associated pulmonary aspergillosis
(CAPA) affect about 15% of critically ill patients with influenza or COVID-19, respectively. These viral-fungal
coinfections are difficult to diagnose and are associated with increased mortality, but data on their pathophysiology are
scarce. We aimed to explore the role of lung epithelial and myeloid innate immunity in patients with IAPA or CAPA.

Methods In this observational study, we retrospectively recruited patients who had been admitted to the intensive care
unit (ICU) of University Hospitals Leuven, Belgium, requiring non-invasive or invasive ventilation because of severe
influenza or COVID-19, with or without aspergillosis, between Jan 1, 2011, and March 31, 2021, whose bronchoalveolar
lavage samples were available at the hospital biobank. Additionally, biobanked in vivo tracheobronchial biopsy samples
from patients with IAPA or CAPA and invasive Aspergillus tracheobronchitis admitted to ICUs requiring invasive
ventilation between the same dates were collected from University Hospitals Leuven, Hospital Network Antwerp
(Belgium), and Amiens-Picardie University Hospital (France). We did nCounter gene expression analysis of 755 genes
linked to myeloid innate immunity and protein analysis of 47 cytokines, chemokines, and growth factors on the
bronchoalveolar lavage samples. Gene expression data were used to infer cell fractions by use of CIBERSORTx, to
perform hypergeometric enrichment pathway analysis and gene set enrichment analysis, and to calculate pathway
module scores for the IL-13, TNF-q, type I IFN, and type II IFN (IFNy) pathways. We did RNAScope targeting influenza
virus or SARS-CoV-2 RNA and GeoMx spatial transcriptomics on the tracheobronchial biopsy samples.

Findings Biobanked bronchoalveolar lavage samples were retrieved from 166 eligible patients, of whom 40 had IAPA,
52 had influenza without aspergillosis, 33 had CAPA, and 41 had COVID-19 without aspergillosis. We did nCounter
gene expression analysis on bronchoalveolar lavage samples from 134 patients, protein analysis on samples from
162 patients, and both types of analysis on samples from 130 patients. We performed RNAScope and spatial
transcriptomics on the tracheobronchial biopsy samples from two patients with IAPA plus invasive Aspergillus
tracheobronchitis and two patients with CAPA plus invasive Aspergillus tracheobronchitis. We observed a
downregulation of genes associated with antifungal effector functions in patients with IAPA and, to a lesser extent, in
patients with CAPA. We found a downregulated expression of several genes encoding proteins with functions in the
opsonisation, recognition, and killing of conidia in patients with IAPA versus influenza only and in patients with
CAPA versus COVID-19 only. Several genes related to LC3-associated phagocytosis, autophagy, or both were
differentially expressed. Patients with CAPA had significantly lower neutrophil cell fractions than did patients with
COVID-19 only. Patients with IAPA or CAPA had downregulated IFNy signalling compared with patients with
influenza only or COVID-19 only, respectively. The concentrations of several fibrosis-related growth factors were
significantly elevated in the bronchoalveolar lavage fluid from patients with IAPA versus influenza only and from
patients with CAPA versus COVID-19 only. In one patient with CAPA, we visualised an active or very recent
SARS-CoV-2 infection disrupting the epithelial barrier, facilitating tissue-invasive aspergillosis.

Interpretation Our results reveal a three-level breach in antifungal immunity in IAPA and CAPA, affecting the
integrity of the epithelial barrier, the capacity to phagocytise and kill Aspergillus spores, and the ability to destroy
Aspergillus hyphae, which is mainly mediated by neutrophils. The potential of adjuvant IFNy in the treatment of IAPA
and CAPA should be investigated.
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Research in context

Evidence before this study

We searched PubMed without language restrictions for articles
published between database inception and June 8, 2022, using
the search terms “influenza” OR “COVID-19"” AND “aspergillosis”,
which resulted in 556 hits. Numerous observational studies
have reported on the incidence of aspergillosis in critically ill
patients with influenza or COVID-19. Two influenza-associated
pulmonary aspergillosis (IAPA) mouse models have been
created. Despite the abundance of reviews hypothesising on
IAPA and COVID-19-associated pulmonary aspergillosis (CAPA)
pathophysiology, no studies actually investigating IAPA and
CAPA pathophysiology using human lower respiratory tract
samples have been published.

Added value of this study

To our knowledge, this study is the first to use human lower
respiratory tract samples to investigate epithelial and myeloid
innate immunology in patients with IAPA or CAPA. Using state-
of-the-art techniques to analyse bronchoalveolar lavage and in-
vivo tracheobronchial biopsy samples, we discovered evidence of
a multilevel breach in antifungal immunity in patients with IAPA
and, to a lesser extent, in patients with CAPA. We observed a
downregulation of numerous genes with antifungal effector
functions, implicating impairments in macrophages, monocytes,

Introduction
Severe influenza infections cause around 400000 deaths
per year, and, according to WHO’s COVID-19 Dashboard,
as of June, 2022, COVID-19 has resulted in more than
6300000 deaths worldwide.! Invasive pulmonary
aspergillosis, a fungal infection that typically affects
people who are severely immunocompromised, has been
described in a subset of critically ill patients with influenza
or COVID-19. In studies of patients with influenza or
COVID-19 with high rates of adequate mycological work-
up, the incidence of influenza-associated pulmonary
aspergillosis (IAPA) is around 20% and the incidence
of COVID-19-associated pulmonary aspergillosis (CAPA)
is around 15%.*¢ Diagnosing IAPA or CAPA is difficult
and mainly relies on invasive techniques such as
bronchoalveolar lavage. Treatment options are limited to
antifungals, which have substantial side-effects and
multiple drug—drug interactions.”® Because mortality is
around 50% in patients with IAPA or CAPA versus
25-35% in patients with severe influenza or COVID-19
without aspergillosis, coinfection might have contributed
to numerous deaths.®

The question remains as to why a subset of patients
with severe influenza or COVID-19, including those
without a pre-existing immunocompromised status,
develop this fungal superinfection. Answering this
question could lead to the identification and development
of new biomarkers and novel (immunomodulatory)
therapeutic targets or prompt the reallocation of existing
immunomodulatory drugs. We therefore aimed to unravel

and neutrophils. Although only minor differences were observed
in the concentrations of major cytokines in the bronchoalveolar
lavage samples, patients with IAPA or CAPA had reduced IFNy
signalling compared with patients with influenza only or
COVID-19 only, respectively. The concentrations of several
profibrotic growth factors were significantly increased in the
bronchoalveolar lavage fluid from patients with IAPA versus
influenza only and from patients with CAPA versus COVID-19
only, providing an indirect, additional cause for the higher
mortality in patients with coinfections versus monoinfections.
We also show that SARS-CoV-2-induced epithelial barrier
disruption might facilitate tissue-invasive aspergillosis.

Implications of all the available evidence

Our results represent a first step towards understanding the
pathophysiology of human IAPA and CAPA. Differences in
immunological responses by aspergillosis status have
diagnostic and therapeutic implications. Our dataset lays the
foundations for the ensuing discovery and development of
novel diagnostic and prognostic biomarkers. Moreover, our
results point towards the potential of using recombinant IFNy
as an adjuvant to antifungal treatment. In future, high-
resolution multiomics and functional studies will be necessary
to further unravel the pathophysiology of IAPA and CAPA.

the pathogenesis of IAPA and CAPA by performing gene
expression and cytokine profiling, RNAScope, and spatial
transcriptomics on lower respiratory tract samples from
patients with severe influenza or COVID-19, with or
without aspergillosis, focusing on the epithelium and the
main driver of antifungal immunity: the myeloid innate
immune system.

Methods

Study design and participants

In this observational study, we retrospectively and
non-consecutively recruited patients who had been
admitted to the intensive care unit (ICU) of University
Hospitals Leuven, Belgium, requiring non-invasive or
invasive ventilation because of influenza or COVID-19,
with or without aspergillosis, between Jan 1, 2011, and
March 31, 2021, whose bronchoalveolar lavage samples
were available at the hospital biobank (appendix 1 pp 1-2).
Diagnosis of probable or proven IAPA was based on the
expert consensus criteria by Verweij and colleagues’ and
diagnosis of probable or proven CAPA was based on
criteria from the European Confederation of Medical
Mycology and the International Society for Human and
Animal Mycology.® Additionally, biobanked in vivo
tracheobronchial biopsy samples from patients with
IAPA or CAPA and invasive Aspergillus tracheobronchitis
admitted to ICUs requiring invasive ventilation between
Jan 1, 2011, and March 31, 2021, were collected from
University Hospitals Leuven, Hospital Network Antwerp
(Belgium), and Amiens-Picardie University Hospital
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(France), with approval from their respective ethical
committees. The study protocol was approved and the
need for informed consent waived by the ethical
committee of University Hospitals Leuven, Belgium
(S65588).

Procedures

Bronchoalveolar lavage samples and biopsies were
obtained by bronchoscopy as part of clinical routine. For
patients with only influenza or COVID-19, we used the
first bronchoalveolar lavage sample obtained during ICU
admission. For patients with IAPA or CAPA, we used the
first available bronchoalveolar lavage sample showing
mycological evidence of aspergillosis (defined by a positive
culture or a galactomannan optical index of 21-0) or the
concomitant tracheobronchial biopsy with visualisation of
invading Aspergillus hyphae (appendix 1p 2). Demographic,
clinical, treatment, and outcome data were derived from
patient electronic medical records.

We did nCounter (NanoString; Seattle, WA, USA) gene
expression analysis of 755 genes linked to myeloid innate
immunity and protein analysis using ELISA or multiplex
bead-based assays of 47 cytokines, chemokines, and growth
factors on the bronchoalveolar lavage samples (see
appendix 2 for a list of genes). Gene expression data were
used to infer cell fractions by use of CIBERSORTY,’ to
perform hypergeometric enrichment pathway analysis by
use of the ClueGO plug-in (with Gene Ontology biological
process as the pathway database) in Cytoscape® and gene
set enrichment analysis (with Reactome canonical
pathways as the pathway database),” and to calculate
pathway module scores for the IL-13, TNF-a, type I IFN,
and type II IFN (IFNy) pathways. Correlations between the
different bronchoalveolar lavage results were calculated.

We did RNAScope (ACD; Newark, NJ, USA) ultra-
sensitive single molecule RNA in-situ hybridisation
targeting influenza virus or SARS-CoV-2 RNA on
formalin-fixed, paraffin-embedded sections of in vivo
tracheobronchial biopsy samples from patients with IJAPA
or CAPA and invasive Aspergillus tracheobronchitis. We
performed RNAScope to investigate whether Aspergillus
hyphae colocalise with the presence of influenza virus
or SARS-CoV-2 transcripts. We also did GeoMx
(NanoString; Seattle, WA, USA) spatial transcriptomics
(aligning regions of interest in epithelial zones and zones
with inflammatory infiltrate) with a whole human
transcriptome atlas plus a SARS-CoV-2 gene panel
spike-in on these tracheobronchial biopsy samples, later
performing gene set enrichment analysis (with Reactome
canonical pathways as the pathway database). For more
detail on participants, study design, and procedures,
please see appendix 1 (pp 1-5).

Statistical analysis

There were no formal sample size calculations. We
interrogated correlations between continuous variables
using Spearman’s correlation. Unless stated otherwise in

the supplementary methods (appendix 1 pp 1-5), statistical
testing was corrected for multiple testing by use of the
more stringent Benjamini-Hochberg false discovery rate
method for our primary analysis of gene expression
(nCounter and GeoMx) and pathways (hypergeometric
enrichment pathway analysis and gene set enrichment
analysis) and by use of the less conservative Benjamini—
Krieger-Yekutieli two-stage step-up method for our
secondary analyses of CIBERSORTx cell fractions,
pathway module scores, and protein concentrations. We
made four comparisons in our main analysis: IAPA
versus influenza only, CAPA versus COVID-19 only, IAPA
versus CAPA, and influenza only versus COVID-19 only.
We compared the differentially expressed genes from the
IAPA versus influenza only and CAPA versus COVID-19
only comparisons with an existing dataset of the trans-
criptional response of peripheral blood mononuclear cells
24 h after stimulation with Aspergillus fumigatus conidia.”

In post-hoc sensitivity analyses of gene expression, we
corrected for the use of corticosteroids in the comparisons
of TAPA versus CAPA and influenza only versus
COVID-19 only, and for the timepoint of sampling in
relation to the start of mechanical ventilation in the
comparisons of IAPA versus influenza only and CAPA
versus COVID-19 only.

Adjusted p values are reported as q values. A two-sided
alternative hypothesis at the 5% significance level was
used for all statistical analyses, except for gene set
enrichment analysis, for which the recommended
25% significance level was used." Unless stated otherwise
in the supplementary methods (appendix 1 pp 1-5),
statistical analyses were done by use of GraphPad Prism
software (version 9.2.0) and R (version 4.1.0).

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

Biobanked bronchoalveolar lavage samples were
retrieved from 166 eligible patients, of whom 40 had
IAPA (30 probable and ten proven), 52 had influenza
without aspergillosis (influenza only), 33 had CAPA
(30 probable and three proven), and 41 had COVID-19
without aspergillosis (COVID-19 only). We did nCounter
gene expression analysis on bronchoalveolar lavage
samples from 134 patients, protein analysis on
bronchoalveolar lavage samples from 162 patients, and
both types of analysis on bronchoalveolar lavage samples
from 130 patients (appendix 1 pp 13, 17). Additionally, we
performed RNAScope and spatial transcriptomics on in-
vivo tracheobronchial biopsy samples from two patients
with IAPA plus invasive Aspergillus tracheobronchitis
and from two patients with CAPA plus invasive
Aspergillus tracheobronchitis during their ICU stay
(appendix 1 pp 13, 17). More patients with influenza than
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For more on gene set
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www.gsea-msigdb.org/gsea/
index.jsp

For the Reactome database see
https://reactome.org/
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Figure 1: Cell type fractions in bronchoalveolar lavage fluid samples from patients with IAPA, influenza only, CAPA, or COVID-19 only
Box plots represent median and IQR, with whiskers set from minimum to maximum. Individual points represent each sample. q values were generated by Kruskall-
Wallis tests, corrected by use of the Benjamini-Krieger-Yekutieli method. Only significant q values are shown. CAPA=COVID-19-associated pulmonary aspergillosis.

IAPA=influenza-associated pulmonary aspergillosis.

with COVID-19 in the bronchoalveolar lavage samples
analysis had European Organisation for Research and
Treatment of Cancer risk factors for aspergillosis and
chronic obstructive pulmonary disease (appendix 1
pp 6, 8), whereas more patients with COVID-19 than
with influenza had received corticosteroids in ICU
before bronchoalveolar lavage sampling (appendix 1
pp 7, 9). Timing of bronchoalveolar lavage sampling
tended to be later after hospital and ICU admission and
initiation of mechanical ventilation for patients with
COVID-19 compared with patients with influenza
(appendix 1 pp 7, 9, 13, 18). The timing of sampling was
more heterogeneous in the aspergillosis groups than in
the non-aspergillosis groups (appendix 1 pp 13, 18). In
appendix 1, we report the clinical course of each included
patient (pp 13, 18) and summary data (pp 6-10).

We used CIBERSORTX to estimate the proportions of
immune and epithelial cell types in the bronchoalveolar
lavage samples on the basis of gene expression signatures.’
Fractions of the eight major cell subtypes are shown in
figure 1. Patients with IAPA had numerically lower
neutrophil cell fractions (Benjamini—Krieger—Yekutieli
q=0-21) and numerically higher epithelial cell fractions
(q=0-11) than patients with influenza only (figure 1).
Similarly, patients with CAPA had significantly lower
neutrophil cell fractions (Benjamini-Krieger—Yekutieli
q=0-044) and significantly higher epithelial cell fractions
(q=0-015) than patients with COVID-19 only (figure 1).
Furthermore, we found significantly lower natural killer
cell fractions in the samples from patients with IAPA
compared with those from patients with influenza only
(figure 1). The fraction of neutrophils was negatively
correlated with the fractions of epithelial cells,

macrophages and monocytes, and plasma cells (appendix 1
pp 13, 19).

Differentially expressed genes were identified at a
Benjamini-Hochberg q value of less than 0-05 for
four comparisons: IAPA versus influenza only, CAPA
versus COVID-19 only, IAPA versus CAPA, and influenza
only versus COVID-19 only (figure 2; appendix 1
pp 13, 20-21). In sensitivity analyses in which we
corrected for the use of corticosteroids in the IAPA
versus CAPA and influenza only versus COVID-19 only
comparisons and for the timepoint of sampling in
relation to the start of mechanical ventilation in the IAPA
versus influenza only and CAPA versus COVID-19 only
comparisons, the number of differentially expressed
genes stayed largely the same (appendix 1 pp 11-14, 22-23).

We discovered 98 significantly downregulated and
26 significantly upregulated differentially expressed genes
for the IAPA versus influenza only comparison (figure 2A).
Genes related to downstream type I IFN (eg, STAT],
STAT2, ISGI15, and MXI) and type II IFN signalling
(eg, IFNGRI, CEBPB, and HLA-DRA) were downregulated
in patients with [APA compared with patients with
influenza only but the transcripts encoding IFNf and
IFNy were not. Several genes related to LC3-associated
phagocytosis, autophagy, or both were differentially
expressed. MAPILC3B, which encodes LC3 (also known
as microtubule-associated proteins 1A/1B light chain 3B),
and SQSTM1, which encodes an autophagy substrate that
interacts with LC3 and targets bacteria during
LC3-associated phagocytosis, were downregulated and
CDC20, which encodes a protein that targets LC3 for
ubiquitination and degradation, was upregulated.”"
LC3-associated  phagocytosis is a non-canonical
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Figure 2: Differentially
expressed genes in
bronchoalveolar lavage fluid
samples from patients with
IAPA, influenza only, CAPA,
or COVID-19 only

Volcano plots showing
differentially expressed genes
for the comparisons of IAPA
versus influenza only (A),
CAPA versus COVID-19 only
(B), IAPA versus CAPA (C), and
influenza only versus
COVID-19 only (D). A dotted
blue line marks a log:(fold
change) value of zero.

A dotted red line crossing the
y-axis marks a Benjamini-
Hochberg q value of 0-05.

The two dotted red lines
crossing the x-axis marks a
loga(fold change) of 0-4 and
-0-4, respectively. We selected
genes to present if they were
linked to interesting pathways
related to antiviral and
antifungal immunity.

(E) Venn diagram showing the
downregulated differentially
expressed genes shared in the
comparisons of IAPA versus
influenza only and CAPA
versus COVID-19 only.

(F) Dot plot showing ClueGO
hypergeometric enrichment
pathway analysis based on the
downregulated differentially
expressed genes of the four
disease comparisons, with
Gene Ontology biological
process as the pathway
database. *For the comparison
of IAPA versus CAPA,
differentially expressed genes
with q values (Benjamini-
Hochberg) of less than

0-20 were included to
generate the analyses.
Differentially expressed genes
with q values (Benjamini-
Hochberg) of less than

0-05 were used for all other
comparisons.
CAPA=COVID-19-associated
pulmonary aspergillosis.
IAPA=influenza-associated
pulmonary aspergillosis.
NIK=NF-kB-inducing kinase.
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autophagy pathway important for the killing of
phagocytised Aspergillus conidia.® We also found that
TLR2, which is involved in the innate immune detection
of Aspergillus and macrophage activation,” and genes
encoding proteins related to complement functions
(eg, C5AR1, C3AR1, PLAUR, PLAU, and ITGAX) and
PTX3-mediated phagocytosis of conidia (PTX3 and
FCGR2A) were downregulated in patients with IAPA
(figure 2A; appendix pp 13, 20).

Furthermore, VASP, which encodes an actin polymerase
involved in phagocytosis and the lateral transfer of
Aspergillus conidia between macrophages,® and HIFIA,
whose gene product is necessary for the prevention of
neutrophil apoptosis at the site of aspergillosis,” were
downregulated in patients with IAPA. Other down-
regulated differentially expressed genes encoded proteins
serving neutrophil effector functions: matrix metallo-
proteinases (MMP9), cathepsins (CTSA, CTSD, and
CTSS), and alarmins (S100A4, S100A10, and SI100A1I;
figure 2A; appendix pp 13, 20). We also found the
downregulation of ILI1B, which produces the pro-
inflammatory cytokine IL-1f.

ClueGO Gene Ontology pathway analysis of the
downregulated differentially expressed genes confirmed
the downregulation of type I IFN, type II IFN (IFNy), and
IL-1 responses in patients with IAPA versus influenza
only (figure 2F; appendix 1 pp 14, 24). For cell-specific
processes, the Gene Ontology terms neutrophil
degranulation and, to a lesser extent, neutrophil
migration and macrophage activation were down-
regulated in IAPA versus influenza only in ClueGO
hypergeometric enrichment pathway analysis (figure 2F;
appendix 1 pp 14, 24). Gene set enrichment analysis of all
genes using Reactome corroborated the downregulation
of genes linked to IFN signalling and neutrophil
degranulation in patients with IAPA (appendix 1 pp 14, 25).

For the comparison of patients with CAPA versus
patients with COVID-19 only, we identified 34 significantly
downregulated differentially expressed genes and no
significantly upregulated genes (figure 2B). 28 of these
differentially expressed genes overlapped with the
downregulated differentially expressed genes of the IAPA
versus influenza only comparison and were mainly genes
related to downstream type I and II IFN signalling
(eg, MXI and HLA-DRA), macrophage activation
(eg, CD163), and antigen presentation (eg, HLA-DRB3;
figure 2E; appendix 1 pp 13, 21). TLR2 and HIFIA were
also downregulated in both comparisons (figure 2E).
Among the six other significantly downregulated differen-
tially expressed genes were TNF (encoding TNF-a) as well
as TRAF1 and CDKNIA (both upregulated upon TNF-a
signalling). ClueGO hypergeometric enrichment pathway
analysis of the downregulated differentially expressed
genes showed significant downregulation of responses to
type I and II IFN in patients with CAPA versus patients
with COVID-19 only (figure 2F; appendix 1 pp 14, 24). Gene
set enrichment analysis corroborated this finding and also

showed the downregulation of neutrophil degranulation
(appendix 1 pp 14, 26).

We identified 11 significantly downregulated differen-
tially expressed genes in the comparison of IAPA versus
CAPA, including ILIB and MAPILC3B and the
chemokine-encoding genes, CXCL1, CXCL8, and CCL4
(figure 2C). Due to the low number of differentially
expressed genes with Benjamini-Hochberg q values of
less than 0-05, we performed ClueGO pathway analysis
with downregulated differentially expressed genes with
q values of less than 0-20. ClueGO pathway analysis
showed the downregulation of neutrophil migration,
monocyte chemotaxis, macrophage activation, and cellular
responses to IL-1 and IFNy in patients with IAPA versus
patients with CAPA (figure 2F; appendix 1 pp 14, 24). Gene
set enrichment analysis showed the downregulation of
pathways linked to interleukin and interferon signalling
and neutrophil degranulation (appendix 1 pp 14, 27-28).

The comparison of influenza only versus COVID-19 only
revealed 11 significantly upregulated and 63 significantly
downregulated differentially expressed genes (figure 2D).
As expected from earlier studies comparing the immune
profiles of bronchoalveolar lavage fluid in these patient
groups,” there was a downregulation of the proinflam-
matory genes TNF and ILIB and the chemokine gene
CXCL8 in patients with influenza only compared with
patients with COVID-19 only. Other significantly
downregulated differentially expressed genes that encode
chemokines were CCL2, CCL3L1, CCIL4, and CCL20.
There was also a significant downregulation of genes that
are upregulated in type II IFN signalling (eg, HLA-DRA).
ClueGO pathway analysis of the downregulated
differentially expressed genes confirmed the downregu-
lation of cellular responses to TNF-a, IL-1, and IFNy and
the downregulation of neutrophil migration and
macrophage activation in patients with influenza only
versus COVID-19 only (figure 2F; appendix 1 pp 14, 24).
However, in gene set enrichment analysis, only pathways
related to the extracellular matrix were significantly
downregulated in patients with influenza only compared
with patients with COVID-19 only (appendix 1 pp 14, 29).

We compared differentially expressed genes from the
IAPA versus influenza only and CAPA versus COVID-19
only comparisons with an existing dataset of the
transcriptional response of peripheral blood mononuclear
cells 24 h after stimulation with Aspergillus fumigatus
conidia.” We found a substantial overlap between
downregulated differentially expressed genes in the
IAPA versus influenza only and CAPA versus COVID-19
only comparisons and the genes that are upregulated in
peripheral blood mononuclear cells in response to
conidia—eg, CCRL2, GRN, and SQSTM1 for both
comparisons and MMP9, CXCL2, and PLAU for IAPA
versus influenza only specifically (appendix 1 pp 14, 30).
This corroborates that the downregulation of these genes
seen in the IAPA versus influenza only and CAPA versus
COVID-19 only comparisons contributes to the develop-
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ment of aspergillosis, as they are transcriptional
components of a normal antifungal host response.

We assessed the concentrations and the correlations of
multiple cytokines, chemokines, and growth factors in the
bronchoalveolar lavage samples (figure 3A-L; appendix 1
pp 15, 31). Generally, samples from patients with
COVID-19 with or without aspergillosis had numerically
higher concentrations of multiple proinflammatory
cytokines and chemokines (eg, TNF-a, IL-1B, and IL-8)
than did samples from patients with influenza with or
without aspergillosis  (figure 3A-D). Samples from
patients with COVID-19 only had significantly lower
concentrations of IFNa, IFNf, and IFNy than did those
from patients with influenza only, a difference that was
not seen when comparing patients with CAPA versus
IAPA (figure 3E-G). When comparing patients with IAPA
versus influenza only, we found significantly lower
concentrations of IFNa and the interferon-induced
cytokine CXCL10, but no differences in IFNP and IFNy
concentrations  (figure 3E-H). Concentrations of
epidermal growth factor (EGF) and vascular endothelial

growth factor (VEGF) were significantly higher in IAPA
samples than in influenza only samples and concen-
trations of EGF and platelet-derived growth factor AA
(PDGF-AA) were significantly higher in CAPA samples
than in COVID-19 only samples (figure 3I-K). The
concentrations of all other proteins, including IL-6, did
not differ between CAPA samples and COVID-19 only
samples, except for the higher concentration of CXCL2 in
CAPA samples versus COVID-19 only samples (figure 3L;
appendix 1 pp 15, 31). The concentrations of pentraxin-
related protein PTX3 were very high in all groups, but did
not significantly differ between groups, meaning that
PTX3 could not discriminate between viral pneumonia
with or without aspergillosis (appendix 1 pp 15, 31).
Despite the differences we found in neutrophil fractions
(figure 1), we did not find differences in the concentrations
of most chemokines between the IAPA versus influenza
only samples and the CAPA versus COVID-19 only
samples (figure 3; appendix 1 pp 15, 31). We found
significant correlations between the bronchoalveolar
lavage fluid concentrations and the respective gene
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Figure 3: Concentrations and correlations of cytokines, chemokines, and growth factors in bronchoalveolar lavage samples

(A-L) Concentrations of major cytokines, chemokines, and growth factors. Box plots represent median and IQR, with whiskers set from minimum to maximum.
Individual points represent each sample. q values were generated by Kruskall-Wallis tests, corrected by use of the Benjamini-Krieger-Yekutieli method. Only
significant q values are shown. The scale between points is a log scale. (M) Correlogram showing the correlations between the CIBERSORTx-derived cell fractions,
major cytokine concentrations, and gene expressions of the corresponding genes in bronchoalveolar lavage samples with all three types of results available.
Components are hierarchically clustered. The grey box represents a major proinflammatory cluster. The green and red boxes represent two pro-inflammatory
subclusters, with the green box representing proinflammatory cytokines and the red box representing the deconvoluted neutrophil fraction and the gene expression
of proinflammatory cytokines. CAPA=COVID-19-associated pulmonary aspergillosis. EGF=epidermal growth factor. IAPA=influenza-associated pulmonary
aspergillosis. PDGF-AA=platelet-derived growth factor AA. VEGF=vascular endothelial growth factor. *p<0-05. +p<0-01. $p<0-001. §p<0-0001.

expressions of IL-1a, IL-1B, TNF-a, IFN, and several
chemokines (eg, CCL4, CCL20, and CXCL2; figure 3M;
appendix 1 pp 15, 32-36), reflecting substantial local
production of these factors. Significant correlations
between the bronchoalveolar lavage fluid concentrations
and the respective gene expressions of IL-6, IFNy, and
most growth factors in our panel were not observed,
meaning that these protein concentrations must be
determined by extraluminal production rather than local
intraluminal production (figure 3M; appendix 1
pp 15, 32-36).

To quantify the downstream signalling pathways of
four major cytokines with important roles in antifungal
and antiviral immunity (IL-1B, TNF-a, type I IFN, and
type II IFN), we calculated pathway module scores for
each patient (figure 4; appendix 1 pp 15-16, 37). We found
these pathway module scores to largely reflect the results
of the pathway analyses done on the differentially
expressed genes, thereby validating the robustness of our
approach. IAPA samples showed significantly lower
scores for all pathways compared with influenza only
samples, but CAPA samples showed significantly lower
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Figure 4: Pathway module scores and their correlation with concentration for IL-1B, TNF-a, type I IFN, and type Il IFN
Pathway module scores for IL-1B (A), TNF-a (B), type | IFN (C), and type Il IFN (D). q values were generated by Kruskall-Wallis tests, corrected by use of the Benjamini-Krieger-Yekutieli method.

Only significant g values are shown. Spearman rank correlation between the major cytokine concentration and the corresponding module score for all patients for IL-1 (E), TNF-a (F), type | IFN (G),
and type Il IFN (H). Spearman rank correlation between the major cytokine concentration and the corresponding module score per disease group for IL-1f (1), TNF-a (J), type | IFN (K), and type Il IFN (L).
The line represents the regression line and the shading represents the 95% Cl. CAPA=COVID-19-associated pulmonary aspergillosis. IAPA=influenza-associated pulmonary aspergillosis.

scores compared with COVID-19 only samples for type II
IFN only (figure 4; appendix 1 pp 15-16, 37). In general,
the inferred neutrophil fractions correlated well with
pathway module scores for IL-18 and TNF-a
(appendix 1 pp 15-16, 37). Pathway module scores for
IL-13 and TNF-a also significantly correlated with
concentrations of the respective inducing cytokine for
influenza only, CAPA, and COVID-19 only samples, but
not for IAPA samples, potentially reflecting a blunted
cellular response to both proinflammatory cytokines
(figure 4I-J). Moreover, we observed a significant
correlation between IFN[ concentration (not significant

for IFNa) and the corresponding pathway module score
for patients with influenza only or COVID-19 only, which
was absent in patients with IAPA or CAPA (figure 4K;
appendix 1 pp 15-16, 37). By contrast, type II IFN pathway
module scores did not correlate with IFNy concentrations
in any patient group (figure 4L).

To further examine differences between IAPA and
CAPA and the role of the epithelial barrier, we analysed
in vivo tracheobronchial biopsies from two patients with
IAPA and invasive Aspergillus tracheobronchitis and two
patients with CAPA and invasive Aspergillus tracheo-
bronchitis. Invasive Aspergillus tracheobronchitis is a
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Figure 5: In vivo tracheobronchial biopsy from patient with CAPA and invasive Aspergillus tracheobronchitis
(A) Slide stained with Grocott-Gomori's methenamine silver, which makes fungi appear black and the background
tissue green. (B) RNAScope image, in which the red puncta reflect SARS-CoV-2 nucleocapsid RNA. Epithelial cells
are labelled green by anti-KRT8 antibody staining. DAPI was used as a nuclear stain (grey). (C) Slide stained with
haematoxylin and eosin, which is used to look at damaged areas. (D-E) Two magnified areas of the CAPA biopsy,
with respective haematoxylin and eosin-stained, Grocott-Gomori's methenamine silver-stained, and RNAScope
images. Examples of fungi are indicated on the Grocott-Gomori’'s methenamine silver-stained images by arrows.
The asterisks localise the lumen of the respiratory tract. CAPA=COVID-19-associated pulmonary aspergillosis.

particularly lethal form of IAPA and CAPA, with
Aspergillus lesions apparent in the larger airways.”” In
formalin-fixed, paraffin-embedded sections of these
biopsies, we performed RNAScope to investigate whether
Aspergillus hyphae colocalise with the presence of
influenza virus or SARS-CoV-2 transcripts. In one patient
with CAPA, we visualised an active or very recent SARS-
CoV-2 infection damaging the epithelium (figure 5).
SARS-CoV-2 nucleocapsid RNA puncta colocalised with
Aspergillus hyphae invading the tissue in this biopsy. As
the biopsies from patients with IAPA no longer contained
any epithelial tissue at the site of Aspergillus invasion, we
did not identify influenza virus RNA in these zones.

We additionally conducted spatial transcriptomics on
these biopsies from patients with IAPA or CAPA and
invasive Aspergillus tracheobronchitis (figure 6; appendix 1
pp 16, 38-43). By performing gene set enrichment
analysis (with Reactome as library), we discovered a clear
difference in the epithelial transcriptional response, with
increased expression of keratinisation and programmed
cell death pathways and decreased expression of IL-1
signalling, [FNy signalling, and cilium assembly in [APA
samples versus CAPA samples (figure 6). However, we
did not identify major differences in transcriptional
responses for the inflammatory infiltrate in IAPA versus
CAPA samples (appendix 1 pp 16, 41).

Discussion

In this observational study, we conducted an explorative
immune phenotyping of patients with IAPA or CAPA,
with a focus on innate myeloid immunity, using
transcriptomic and proteomic methods on lower
respiratory tract samples. By analysing bronchoalveolar
lavage fluid samples from a cohort of critically ill patients
with influenza or COVID-19 with or without aspergillosis
and several tracheobronchial biopsy samples from
patients with IAPA or CAPA and invasive Aspergillus
tracheobronchitis, we identified key patterns in the lower
airway immune profiles of these patients. Our results
uncover a three-level breach in innate antifungal
immunity as a predisposing factor to invasive aspergillosis
in patients with severe influenza or COVID-19.

A first line of immune defence against invasive
aspergillosis is represented by the epithelium. An
individual inhales hundreds of Aspergillus conidia each
day, and these spores are constantly cleared by the
epithelium lining the respiratory tract.” The epithelial cells
function as a pure physical barrier against aspergillosis
and also contribute to the clearance of Aspergillus conidia
by means of phagocytosis and mucociliary clearance.”
Epithelial destruction has therefore been proposed as one
of the main mechanisms by which severe viral pneumonia
predisposes to the development of aspergillosis.” Using
RNAScope technology, we obtained direct evidence that
Aspergillus hyphae invade the mucosa through damaged
epithelium that is concurrently or has recently been
infected by SARS-CoV-2.
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Because patients with respiratory failure caused by
influenza or COVID-19 show a higher risk of developing
aspergillosis than do patients with non-viral acute
respiratory distress syndrome,’ epithelial disruption
might not be the only viral factor predisposing to IAPA
or CAPA. We have uncovered evidence that the second
line of the antifungal host response, namely phagocytosis
and the subsequent killing of Aspergillus conidia by
phagocytes, could also be affected in patients with IAPA
or CAPA. We observed a downregulated expression of
several genes encoding proteins with functions in the
opsonisation, recognition, and killing of conidia in
patients with IAPA versus influenza only and in patients
with CAPA versus COVID-19 only.

Once Aspergillus conidia have developed into hyphae,
the fungus can no longer be destroyed by phagocytosis.
The third line of the antifungal host response relies on
extracellular mechanisms, mainly mediated by neutro-
phils, to kill the fungus.” Cell fractions derived from the
gene expression data revealed lower neutrophil fractions
in patients with coinfections versus monoinfections
(significant for CAPA vs COVID-19 only and non-
significant for IAPA vs influenza only) and pathway
analysis revealed that several neutrophil effector
pathways (eg, degranulation and migration) were
downregulated in patients with IAPA compared with
patients with influenza only. In general, the inferred
neutrophil fractions correlated well with pathway module
scores for IL-13 and TNF-a, suggesting that these
pathways are to a large extent activated by neutrophils.

Both IAPA and CAPA are associated with increased
mortality compared with influenza or COVID-19 alone,
but data on the effect of antifungal treatment on outcomes
for affected patients are less clear® Analysing
bronchoalveolar lavage samples, we found that patients
with TAPA had significantly higher concentrations of EGF
and VEGF than did patients with influenza only and that
patients with CAPA had significantly higher concentrations
of EGF and PDGF-AA than did patients with COVID-19
only. Therefore, we hypothesise that patients with these
coinfections might be more severely affected by late-stage
lung fibrosis than patients with monoinfections, which
could in part explain the increased mortality.

We observed an aberrant transcriptional response to
several key cytokines in bronchoalveolar lavage samples
from patients with IAPA or CAPA. Severe influenza and
COVID-19 involve hyperinflammatory states characterised
by high bronchoalveolar lavage concentrations of IL-1f,
IL-6, and TNF-a. This state has been proposed as a
potential fertile ground for aspergillosis.** Nevertheless,
we found blunted transcriptional responses to IL-1f3,
TNF-q, type I IFN, and type II IFN (IFNy) in patients with
IAPA versus influenza only. Of interest, patients with
CAPA also had downregulated type II IFN signalling
compared with patients not affected by aspergillosis. The
role of IFNy in COVID-19 remains unclear, with findings
ranging from a beneficial to a detrimental role in disease
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Figure 6: Dot plot of gene set enrichment analysis based on gene expression
of epithelial regions of interest in IAPA versus CAPA samples

Reactome canonical pathways was the pathway database. CAPA=COVID-19-
associated pulmonary aspergillosis. IAPA=influenza-associated pulmonary
aspergillosis.

progression.”” IFNy is generally seen as an important
component of the antifungal host response, for instance
via inducing LC3-associated phagocytosis.® As such,
adjuvant treatment with IFNy is currently being
investigated in candidaemia (NCT04979052) and has been
propounded as a potential adjuvant in the treatment of
invasive aspergillosis.” Therefore, the role of diminished
IFNy signalling in the development of IAPA or CAPA
warrants further investigation in animal models to assess
its clinical relevance. Moreover, the findings of lower
neutrophil fractions and reduced transcription of
LC3-associated phagocytosis components in patients with
IAPA versus influenza only or CAPA versus COVID-19
only calls for the investigation of neutrophil extracellular
trap formation and LC3-associated phagocytosis in vitro,
in animal models, and in patients. Future research is
urgently needed to further unravel the pathophysiology of
IAPA and CAPA and to translate this knowledge into
clinical practice.

Our study has several limitations. First, the use of bulk
multiplex gene expression yields a low-resolution view of
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transcription dynamics in the lower respiratory tract and
does not easily allow for cell-cell interaction analyses.
The cell fractions estimated by cellular deconvolution
should therefore be interpreted cautiously. Second, we
used retrospectively collected samples that had been
obtained at different timepoints after the initiation of
mechanical ventilation. This limitation could be
addressed in future research by the use of prospectively
collected, timepoint-matched samples. Third, we only
focused on epithelial and myeloid innate immunity as
these are the main components of antifungal immunity.
However, adaptive lymphoid immunity might also be
important in IAPA and CAPA. Finally, the use of human
samples means we could not capture the very first stage
of coinfection; we are only able to detect the fungus in
bronchoalveolar lavage fluid after it is abundantly present
in its growing form, hyphal form, or both. To describe
the early infection dynamics of IAPA and CAPA
(particularly epithelial or phagocytic uptake and escape
of Aspergillus conidia), in vitro and animal model work
will be necessary.

In conclusion, we obtained insight into the patho-
physiology of both IAPA and CAPA using patient samples.
Reduced type II IFN signalling and increased
concentrations of fibrosis-associated growth factors in the
lower respiratory tract are common traits for IAPA and
CAPA. We provide evidence of a three-level breach in
innate antifungal immunity, affecting epithelium,
macrophages, and neutrophils, as a factor predisposing
the development of IAPA and CAPA. Our observations
could lead to the identification of novel host immune risk
factors and eventually to the discovery of new diagnostic
and prognostic biomarkers for IAPA and CAPA. Moreover,
our results could be translated into in-depth research of
the wuse of immunomodulatory targets, such as
recombinant IFNy, as adjuvant antifungal treatments. In
future, high-resolution multiomics and functional studies
will be necessary to further unravel the pathophysiology of
IAPA and CAPA.
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