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IFN Receptor 2 Regulates TNF-a—Mediated Damaging
Inflammation during Aspergillus Pulmonary Infection

Agnieszka Rynda-Apple,* Jazmin Reyes Servin,” Julianna Lenz,” Julia Roemer,*
Evelyn E. Benson,* Monica N. Hall,* and Kelly M. Shepardson*"

The increased incidence of invasive pulmonary aspergillosis, caused by Aspergillus fumigatus, occurring in patients infected with
severe influenza or SARS-CoV-2, suggests that antiviral immune responses create an environment permissive to fungal infection.
Our recent evidence suggests that absence of the type I IFN receptor 2 subunit (IFNAR?2) of the heterodimeric IFNAR1/2 receptor
is allowing for this permissive immune environment of the lung through regulation of damage responses. Because damage is
associated with poor outcome to invasive pulmonary aspergillosis, this suggested that IFNAR2 may be involved in A. fumigatus
susceptibility. In this study, we determined that absence of IFNAR2 resulted in increased inflammation, morbidity, and damage in
the lungs in response to A. fumigatus challenge, whereas absence of IFNAR1 did not. Although the Ifiar2™~ mice had increased
morbidity, we found that the Ifnar2~" mice cleared more conidia compared with both wild-type and Ifinarl™" mice. However,
this early clearance did not prevent invasive disease from developing in the Ifirar2™" mice as infection progressed. Importantly,
by altering the inflamed environment of the Ifnar2™" mice early during A. fumigatus infection, by neutralizing TNF-o, we were
able to reduce the morbidity and fungal clearance in these mice back to wild-type levels. Together, our results establish a distinct role
for IFNAR?2 in regulating host damage responses to A. fumigatus and contributing to an A. fumigatus—permissive environment through
regulation of inflammation. Specifically, our data reveal a role for IFNAR2 in regulating TNF-a—mediated damage and morbidity

during A. fumigatus infection.

he increase in the use of immunosuppressive therapies to

treat human diseases over the past three decades has led to

an increase in the number of invasive pulmonary fungal
infections occurring (1-3). These invasive infections are most com-
monly caused by the filamentous fungus Aspergillus fumigatus,
which has a global incidence of >300,000 cases/year. With the diffi-
culty in diagnosis and a limited antifungal drug repertoire that often
result in substantial toxicity, the mortality from invasive fungal
infections remains very high (40-80%) (2, 4). In addition, toxicity-
associated mortality is a common side effect of many of the avail-
able treatments (5). Additional complexity in treating aspergillosis,
and an important contributor to pathological outcome to these inva-
sive infections, is the high level of tissue/organ damage that the host
incurs (6, 7). This damage can be inflicted by the pathogen, when a
weak host response fails to limit fungal growth, and/or by the host,
when a strong inflammatory response induced against the pathogen
impairs the lung’s vital function of gas exchange. Thus, there has
been an increasing effort to redesign antifungal therapies in a way
that augments host antifungal immune responses while minimizing
host tissue injury caused by damaging inflammation. However, for
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these efforts to be successful, the specific immune mechanisms that
protect the host from infection and/or subsequent tissue pathologies
during aspergillosis must be identified.

Although it is well established that a compromised or malfunction-
ing immune system is required for opportunistic pathogens such as
A. fumigatus to cause disease, concepts of what encompasses immu-
nocompromised is continually being revised. A. fumigatus infection is
known to occur in patients suffering from cystic fibrosis, tuberculosis,
and drug-induced immunosuppression but also chronic obstructive
pulmonary disease, sarcoidosis and influenza, suggesting that altered,
either hypoactive or hyperactive, immune environments in the lung
can be risk factors for development of Aspergillus lung disease
(6, 8, 9). In particular, the recent increase in incidence of aspergillosis
occurring in patients infected with either influenza or SARS-CoV-2,
coupled with increased morbidity and mortality of these patients
with Aspergillus-complicated influenza (10—-14), suggests that antiviral
immune responses result in a transiently suppressed lung immune
environment that becomes permissive to fungal infection.

We, among others, have established that type I IFN signaling
induced by influenza virus infection increases host susceptibility to
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secondary bacterial infections (15—19). However, the evaluation of
the effect that type I IFN signaling may have on disease severity
had primarily been considered in IFN receptor 1 subunit (IFNAR1)-
deficient mice, where IFN receptor 2 subunit (IFNAR2) is still pre-
sent. Our recent evidence generated using Ifnar2™"~ mice revealed
that absence of either IFNAR1 or IFNAR?2 results in very distinct
disease phenotypes in response to influenza virus infection (20).
Specifically, we found that absence of IFNAR2 led to exacerbated
influenza disease that correlated with an increase in damage bio-
markers. Because one of the main factors involved in the patho-
logical outcome of invasive pulmonary aspergillosis (IPA) is the
level of host tissue damage, this prompted us to investigate whether
and how the absence of either IFNAR subunit contributes to the reso-
lution of 4. fimigatus infection. In this article, we report that IFNAR2
is involved in regulating the damage response during pulmonary A.
fumigatus infection, and that absence of IFNAR2 contributes to an 4.
fumigatus—permissive environment through dysregulation of inflam-
mation. Importantly, these results expand the role of IFNAR signaling
to include contributions from both subunits and highlight the need to
understand how the individual IFNAR subunits contribute to infection
outcome.

Materials and Methods
Mice

Male and female wild-type (WT) C57BL/6 (Jackson Laboratories), Ifnarl ™~
(originally designed and bred at Montana State University [MSU]) (21), and
Ifnar2™~ [Ifnar2tm1(KOMP)Vlcg, originally purchased from UC Davis
Knockout Mouse Project (KOMP) Repository] mice were bred and main-
tained at both MSU (Bozeman, MT) Animal Resources Center and Univer-
sity of California, Merced (Merced, CA) under pathogen-free conditions. All
mice used in this study were between 7 and 12 wk of age at the initiation of
experiment. Mice were weighed and monitored for signs of morbidity and
mortality. All care and procedures were in accordance with the recommenda-
tions of the National Institutes of Health, the United States Department of
Agriculture, and the Guide for the Care and Use of Laboratory Animals, 8th
ed. (22). Animal protocols were reviewed and approved by both the MSU
and UCM Institutional Animal Care and Use Committee. MSU and Univer-
sity of California, Merced (UCM) are accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care (no. 713 and
001318).

Fungal cultures and growth conditions

A. fumigatus strain CEA10 (CBS144.89) (a kind gift from R.A. Cramer at
Geisel School of Medicine at Dartmouth College) was used in all experi-
ments. All strains were grown on glucose minimal medium with 1.5% agar
at 37°C for 5 d. Conidia were dislodged from plates with a cell scrapper,
resuspended in 0.01% Tween 20, and filtered through sterile 48-um nylon
mesh screen (Sefar America). Conidia were counted using a hemacytometer,
washed once with PBS, and resuspended in PBS at a final concentration of
6-8x 10° conidia/ml.

Inoculations and challenge

Nonsurgical intratracheal (i.t.) inoculations were performed as described pre-
viously for all inoculations and challenges (15, 20, 23). In brief, a blunt 20G
needle attached to a 1-ml syringe was advanced into the trachea to instill the
indicated number of conidia or PFUs. For fungal inoculation, mice were
inoculated within a range of 6-8 x 107 A. fumigatus conidia (24), and simi-
lar results and trends (fold changes) were found to occur within this range
of doses. For virus inoculation, mice were inoculated with 100 w1 of PBS or
0.1 LDso (1500 PFUs) of influenza A virus (IAV) strain A/PR8/8/34 (PRS;
HINI).

Histological analysis

A. fumigatus—challenged mice were euthanized at indicated times. For histo-
logical studies, the lungs were inflated with 10% buffered formalin, fixed,
and embedded in paraffin to generate 5-um sections stained with H&E or
Gomori’s methenamine silver (GMS) stain for microscopy. Contiguous tissue
sections were imaged using a Nikon Eclipse 80i microscope and NIS elements
BR imaging system and software (Nikon, Melville, NY) or an EVOS M7000
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Imaging System (ThermoFisher Scientific) at 2X, 4%, 20X, and 40X objective
magnification. Experimental conditions/groups were blinded for image capture.

Fungal burden/germination analysis

For experiments looking at CFUs, mice were sacrificed 24 h postinfection
(p-i.). Whole lung homogenate (LH) samples were serially diluted and plated
onto glucose minimal media plates and incubated at 37°C, and CFUs were
counted between 18 and 24 h after plating. To assess relative fungal burden
in lungs, we sacrificed mice at 48 h postinoculation. Lungs were harvested
and snap frozen using a BioSqueezer (Biospec Products, Bartlesville, OK)
and liquid nitrogen. Samples were freeze dried, homogenized with glass
beads on a Mini-Beadbeater (BioSpec Products, Bartlesville, OK), and DNA
extracted with the EXN.Z.A. fungal DNA kit (Omega Bio-Tek, Norcross,
GA). Quantitative PCR was performed as described previously (25). In brief,
all DNA quantity and quality were assessed with a NanoDrop 1000 spectro-
photometer (NanoDrop Technologies, Wilmington, DE). Working dilutions
of 100 ng/pl were made for use in PCR mixtures, which each contained 500
ng of total DNA. A modified TagMan probe/primer set (modified probe, 56-
FAM [FAMJAGCCAGCGGCCCGCAAATG/3IABLFQ [lowa black fluo-
rescein quencher; Integrated DNA Technologies]) amplified the 18S region of
A. fumigatus. Six-point standard curves were calculated using serial dilutions of
CEA10 genomic DNA. Total fungal DNA was calculated from the threshold
cycle value from the appropriate standard curve and normalized to input DNA
concentration. Each sample was amplified in triplicate. To assess fungal germi-
nation, as previously described (26), we quantified the percent germination of
A. fumigatus by manually counting ~50—100 fungal conidia and germlings at
%20 or x40 magnification on the histological GMS slides by using a standard
upright microscope.

Preparation of bronchoalveolar lavage fluid samples, cytokine
analyses, and flow cytometry

Mice were euthanized by i.p. administration of 90 mg/kg sodium pentobarbi-
tal. Bronchoalveolar lavage (BAL) was performed by washing the lungs with
2 ml of PBS + 3 mM EDTA (20), and cellular composition was determined
by hemocytometer cell counts and differential counts of cytospins after stain-
ing with Quick-Diff solution (Siemens; Medical Solutions Diagnostics, Tarry-
town, NY). Cell-free bronchoalveolar lavage fluid (BALF) was used to
determine levels of soluble receptor for advanced glycation end products
(31.3-2000 pg/ml) and angiopoietin (Ang) 2 (Ang2; 39.1-2500 pg/ml) (R&D
Systems, Minneapolis, MN) and Angl (31.25-2000 pg/ml; Novus Biologi-
cals) using ELISA kits. Results from analysis of BALF samples are reported
as means + SD from four or more mice per group. Cell-free BALF was
also used to determine levels of TNF-a (minimum detectable concentra-
tion [MDC]; 1.9 pg/ml), IL-6 (MDC; 0.9 pg/ml), CCL2 (MCP1, MDC;
1.2 pg/ml), MIP-1a (MDC; 1.0 pg/ml), and KC (CXCLI, MDC; 1.54 pg/ml)
using the LEGENDplex bead array assay kits (BioLegend, San Diego, CA).
LEGENDplex beads were acquired on LSRII running FACSDiva software
(both obtained from BD Bioscience). To harvest the single-cell suspension
from mouse lungs (referred to as LH in Fig. 3), we followed previously
reported methods (27), where the whole lungs were minced and digested in
buffer containing 2.2 mg/ml collagenase type IV (Worthington), 1 U/ml
DNase 1 (ThermoScientific), and 5% FBS at 37°C for 45 min. The digested
samples were passed through an 18-gauge needle, incubated in RBC lysis
buffer (Life Technologies), neutralized in PBS, passed through 100-um pore
filter, and counted. The Abs used for the flow cytometry analysis of different
populations included CD45 (BV510 or allophycocyanin-Cyanine7; BioLe-
gend), Ly6G (FITC; BioLegend), Siglec-F (SigF; PE; BioLegend), IA/IE
(MHC-II) (BV510 or allophycocyanin; BioLegend), CD64 (BV421; BioLe-
gend), CD11b (PerCP/Cyanine5.5; BioLegend), and DAPI just before running.
The gating strategies for each of the cell populations are indicated in
Supplemental Fig. 4. The data were collected from an LSRII running FACS-
Diva software (both obtained from BD Biosciences) and analyzed with FlowJo
version 10.9.0.

Morbidity, mortality, lactate dehydrogenase, and albumin

Mice (male and female) were weighed daily and assessed for signs of mor-
bidity and mortality. Morbidity/Mortality was measured as percent weight
loss from day 0 (day of infection) until all mice either regained their initial
weight or reached a defined clinical end point (>20% body weight loss).
Lactate dehydrogenase (LDH) in the cell-free BALF was measured using the
CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega), and albumin in
the cell-free BALF was measured using QuantiChrom BCG Albumin Assay
Kit (BioAssay Systems) following the manufacturer’s protocols.
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TNF-« neutralization and recombinant mouse TNF-a treatment

Mice received the indicated doses of recombinant mouse TNF-oo (mTNF-q;
1 pg/dose; BioLegend) by intranasal (i.n.) instillation. We treated the mice
with 1 pg of mTNF-a at both 6 and 30 h after A. fumigatus infection and
did these treatments i.n. instead of i.t. to reduce the amount of liquid enter-
ing the lung and any damage associated with that. Thus, we used 1 pg of
mTNF-a at each of the two administrations over the course of the experi-
ment (6 and 30 h) to ensure there would be sufficient levels of TNF-« in the
lung. Neutralization of TNF-a was performed using 0.5 mg of /nVivoMab
anti-TNF-a (BioXCell; clone XT3.11), and as a control the manufacturer
recommended nVivoMAb rat IgGl isotype control (BioXCell; clone
HRPN) administered i.p. 6 h after A. fumigatus infection.

Statistical analyses

All statistical analyses were performed with Prism 10.1.0 software (GraphPad
Software, San Diego, CA). The log-rank test and Gehan-Breslow-Wilcoxon
test were performed for statistical analysis of the survival curve. For animal
experiments, nonparametric analyses (Kruskal-Wallis with Dunn’s multiple
comparisons and Mann—Whitney U test with single comparisons) and para-
metric analyses (one-way ANOVA test with Dunnett’s multiple comparisons
and paired ¢ test) were performed. All error bars represent SDs, and sig-
nificance is noted as follows: “Sp > 0.05, #p =< 0.05, **p = 0.01, *#¥p <
0.001, *##%p < 0.0001.

Results

Although A. fumigatus is known to cause disease in immunocompro-
mised patients, an increasing number of reports point to IPA as an
emerging post-IAV complication (10-14, 28-33). Consistent with the
clinical data and recently published reports on influenza-associated
IPA, we also found that WT mice challenged with 4. fimigatus at day
7 post-IAV, which in both mice and humans marks increased host sus-
ceptibility to secondary infections (15—17), had higher lung fungal
burden at 24 h after A. fumigatus infection when compared with
A. fumigatus—only infected mice (Supplemental Fig. 1A). Importantly,
we also found that the higher fungal burden in 4. fumigatus—
superinfected mice corresponded with increased LDH levels, a tis-
sue damage biomarker, in the BALF (Supplemental Fig. 1B). This
suggested that antiviral host responses could contribute to exacerba-
tion of otherwise benign 4. fumigatus infection through increased
pulmonary damage.

Our previous data suggest that the [IFNAR2 subunit of the type I
IFN receptor plays a role in regulating damage during pulmonary
infection (15, 20). Therefore, we sought to determine whether IFNAR2
also has a role in contributing to establishment of a lung environment
permissive to A. fumigatus infection. Interestingly, we found that
Ifnar2™~ mice cleared more conidia (decreased fungal CFUs/fungal
burden) (Fig. 1A) early at 24 h after A. fumigatus compared with
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FIGURE 1. Mice deficient in IFNAR2 have increased fungal clearance

and increased morbidity 24 h p.i. WT (n = 5), Ifuar2”~ (n = 5), and
Ifnarl™ (n = 6) mice were infected with 6 X 107 4. fumigatus conidia on
day 0 (infection model shown). (A—C) CFUs from LH (A), weight loss as a
percent of day O (initial body weight) (B), and differential counts on cells
from the BALF (C) were analyzed 24 h p.i. Two independent experiments
were performed, and data are shown as the representative results. One-way
ANOVA test with Dunnett’s multiple comparisons was performed for statis-
tical analyses. All error bars represent SDs. ***%p < 0.0001.

IFNAR2 REGULATES DAMAGE DURING ASPERGILLUS INFECTION

Ifnarl™™ and WT mice. Our data also correlated with previous
reports showing higher fungal burden in Ifnar/™~ mice compared
with WT mice at this time point (24, 34, 35). These results suggest
that presence of IFNARI is both required and sufficient for early fun-
gal clearance of conidia in vivo. Furthermore, that the WT mice were
less efficient at clearing A. fimigatus compared with the Ifnar2™~
mice suggests that the presence of IFNAR2 may interfere with
IFNARI1-mediated fungal clearance. Importantly, at this early time
point the [firar2™~ mice showed increased weight loss when com-
pared with Ifrarl™~ and WT mice (Fig. 1B), suggesting that the
improvement in fungal clearance came at a cost of increased mor-
bidity, likely because of inflammation and damage. Increased cel-
lular infiltrate can be associated with increased weight loss and
inflammation during infection; therefore, we next sought to deter-
mine whether there were differences in cell recruitment. We did not
find any significant differences in the number of neutrophils or mac-
rophages (based on differential counts) in the BALF collected from
Ifnar2™~, Ifnarl™~, or WT mice at 24 h after A. fumigatus (Fig.
10).

To investigate the cause of the increased morbidity of the A.
fumigatus—infected Ifnar2™" mice, we next examined whether
there were differences in biomarkers associated with damage
responses. Indeed, at 24 h after A. fumigatus infection, the lungs of
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FIGURE 2. Increased level of biomarkers of damage/inflammation in the

absence of IFNAR2 during 4. fumigatus infection. WT, 1fnar2_/ -, and
Ifnar]™~ mice were infected with 6 x 107 A. fumigatus conidia on day 0.
(A-F) Albumin (A), LDH (B), protein (C), bead array cytokines/chemokines
(D and E), and biomarker (F) level by ELISA were measured from cell-free
BALF 24 h p.i. Two independent experiments were performed and data are
shown as the combined results (WT group, n = 10; Ifnar2™~ group, n =
10; Ifnarl™" group, n = 10). The Kruskal-Wallis test with Dunn’s multiple
comparisons was performed for statistical analyses. All error bars represent
SDs. *p < 0.05, *#p < 0.01, **¥p < 0.001, ****p < 0.0001.
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Ifnar2™~ mice compared with [finar] ™~ and WT mice had increased

levels of albumin, LDH, and overall protein content (Fig. 2A—C).
This suggests that IFNAR2 is important for regulating vascular leak-
age and cellular damage during A. fumigatus infection. Although A.
fumigatus infection in Ifnar2™~ mice did not result in increased
phagocyte recruitment (Fig. 1C), the levels of many inflammatory
cytokines and chemokines were higher in these mice when compared
with Ifnarl™~ and WT mice (Fig. 2D-E). We also found that
markers of epithelial and endothelial damage, soluble receptor for
advanced glycation end products (36) and Ang2 (37), but not Angl
(Fig. 2F), were increased in the Ifnar2™~ mice compared with
Ifnarl™~ and WT mice. These results suggest that IFNAR2 is
involved in regulating not just the inflammatory environment but also
lung integrity, specifically damage to the lung epithelium, early on
during 4. fumigatus infection. Because we found increased inflamma-
tory markers in the Ifnar2™~ mice at 24 h after A. fimigatus, we ana-
lyzed the lung cellularity of both the BALF and the lung (LH) at this
time point (Fig. 3, Supplemental Fig. 4). We found no difference in
the number of total cells from both the BALF and the LH from
Ifnar2™"~, Ifnarl™", or WT mice at 24 h after 4. fumigatus (Fig. 3D,
30). Further, we observed equivalent levels of neutrophils (Ly6G™
CD11b"), monocytes (CD11bMCD64 MHCII™), interstitial mac-
rophages (LH only; CD11b"CD64 ™), and alveolar macrophages
(Ly6G~, CD11b", SigF™") in both the BAL and the LH of Ifnar2™"",
Ifnarl™", or WT mice at 24 h after A. fiumigatus (Fig. 3). These
results show no difference in cellularity at this time point, similar to
results found in an IAV-A. fumigatus model (27), suggesting other
mechanisms, such as effector mechanisms, may be involved in the
clearance and damage phenotypes.

Thus far, our results pointed to the presence of IFNAR2 as
important in regulating damage responses up to 24 h after 4. fimi-
gatus infection. To understand the involvement of lung damage in
A. fumigatus infection outcome, we then sought to determine the
damage response over the course of infection, from initial recogni-
tion (~6 h) to when invasive growth of this fungus begins to occur
(~48 h). We found that when compared with WT and Ifnari™"~
mice, the damage response in the Ifnar2™" mice, as measured by
albumin levels, was already increased by 6 h after 4. fumigatus
challenge and remained elevated at 24 h p.i., maintaining this
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nonstatistically significant elevated level at 48 h p.i. (Figs. 2A, 4A,
4B). Because A. fumigatus growth favors a more damaged environ-
ment, we next sought to determine how the various degrees of early
damage affected infection progression in WT, Ifnarl™", and
IfnarZ_/ ~ mice. Although at 24 h p.i. there was initial control of fun-
gal clearance in the Jfnar2~~ mice (Fig. 1A), we found that this did
not prevent invasive growth from occurring by 48 h p.. (Fig. 4C).
As such, at 48 h p.i., lungs of [fiar2™"~ mice had an increase in
hyphal growth via increased germination (26, 38—40) when com-
pared with Ifnar]™" and WT mice (Fig. 4E). This increased germi-
nation could also be a result of the increased albumin levels in the
lungs of the Ifiuar2™~ mice because albumin supplementation has
been shown to increase A. fumigatus germination (41). Histological
examination also revealed large areas of inflammation (infiltrates,
edema) surrounding the fungal growth in the Ifnar2™~ mice (Fig.
4C), suggesting that the increased damage was involved in allowing
for invasive growth. We then measured the fungal burden at 48 h
p.i. to determine whether the damage was allowing for progression
of A. fumigatus infection. We found that the Ifinar2~~ mice had
similar levels of lung fungal burden as WT mice and [finarl ™~ mice
at 48 h p.i. (Fig. 4D). These results suggest that early damage,
although associated with more efficient clearance of conidia, may be
contributing to a favorable environment for fungal growth to occur.
Consistent with the increased hyphal growth and inflammation in
the lungs of the Ifinar2™~ mice at 48 h after A. fimigatus infection,
we also found that these mice continued to experience significant
weight loss compared with [fnarl =~ and WT mice (Fig. 4F), sug-
gesting further increases in the morbidity of the Ifinar2™~ mice. We
next sought to determine whether the morbidity affected survival to
A. fumigatus. Interestingly, we found that ]fnarZ_/ =, Ifnarl -,
and WT mice all had a median survival time of 3 d p.i., with all
Ifnarl™™ mice succumbing to A. fumigatus, similar to what has
been previously found with Ifnarl™~ mice (24) (Fig. 5A).
Although there was substantial mortality, the surviving mice
recovered to their starting weight (Fig. 5B).

Despite early inflammation and initial containment of infection,
Ifnar2™~ mice still developed invasive disease (hyphal growth) and
lung tissue damage by 48 h after 4. fumigatus infection. Thus, we
sought to determine whether the early inflammatory response was
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FIGURE 3. Absence of IFNAR2 or IFNARI does not affect lung cellularity during A. fiumigatus infection. WT, Ifnar2™, and Ifnarl™~ mice were
infected with 6 x 107 4. fimigatus conidia on day 0. Mice were euthanized at 24 h p.i. with A. fumigatus for lung cellularity experiments on the BAL cells
(A-D) and LH cells (E-1). All cell numbers were acquired by flow cytometry as indicated: (A and E) neutrophils (CD45 Ly6G*CD11b™), (B and F) mono-
cytes (CD45" Ly6G~SigF~CD11b"CD64 MHCII ™) (C and G) alveolar macrophages (aMacs) (CD45" Ly6G~SigF"CD11b™), (D and 1) total lung cells, and
(H) interstitial macrophages (iMac) (CD45" Ly6G~SigF~CD11b"CD64"). Two independent experiments were performed, and data are shown as the com-
bined results (WT group, n = 10; Ifnar2™"~ group, n = 10; Ifnarl™" group, n = 10). The Kruskal-Wallis test with Dunn’s multiple comparisons was per-

formed for statistical analyses. All error bars represent SDs.
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infected with 6-8 x 107 4. fumigatus conidia i.t. on day 0. (A) Albumin from cell-free BALF was measured at 6 h p.i. Two independent experiments were
performed, and data are shown as the combined results (WT group, n = 6; Ifnar2”’~ group, n = 10; Ifaarl™~ group, n = 10). (B) Albumin from cell-free
BALF was measured at 48 h p.i. Three independent experiments were performed, and data are shown as the combined results (WT group, n = 9; Ifaar2™'~

group, n = 9; Ifnarl™" group, n = 10). (C and E) Representative images from GMS- (original magnification X20) and H&E (original magnification x4)-

stained lung sections from 48 h p.i. (C) and percent germination at 48 h p.i. (E) (data are shown as the combined results from multiple images from one
experiment). (D) Relative fungal burden measured by qPCR at 48 h p.i. (three experiments were performed, and data are shown as the combined results
of the fold change compared with WT mice, not all groups were in each experiment; WT group, n = 13; Ifnar2™"~ group, n = 12; Ifnarl™" group, n = 10).
(F) Weight loss as a percent of day 0 (initial body weight) was measured (two independent experiments were performed, and data are shown as the combined
results, not all groups were in each experiment; WT group, n = 15; IfnarZ_/ ~ group, n = 17; Ifnarl™" group, n = 11). The Kruskal-Wallis test with Dunn’s
multiple comparisons was performed for statistical analyses. All error bars represent SDs. *#p < 0.01, **#p < 0.001, ***#p < 0.0001.

responsible for this detrimental outcome. To begin to understand this, decreased weight loss compared with isotype-treated [finar2™'~ mice
we neutralized TNF-a, the most abundant proinflammatory cytokine (Fig. 6B). We also found that neutralization of TNF-o in Ifnar2™~
we found in the Ifaar2”~ mice at 24 h p.i. (Fig. 2E). Our results mice reduced their damage response because the albumin level was
show that neutralizing TNF-a at 6 h after A. fumigatus resulted in decreased compared with the isotype-treated [fnar2 ™~ and was simi-
decreased fungal clearance to the level of WT mice (both isotype and lar to the isotype and nontreated WT levels (Fig. 6C). Interestingly,
nontreated controls) (Fig. 6A). Importantly, neutralization of TNF-« the decrease in morbidity of the anti-TNF-a—treated 1ﬁ1ar2_/ -

also decreased the morbidity of the Ifnar2™~ mice, shown by mice was not associated with a significant decrease in neutrophil
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FIGURE 5. No difference in survival between Ifinar2™~ and WT mice. WT, Ifnar] ™", and Ifnar2™"~ mice were infected with 6 X 107 A. fumigatus conidia
i.t. on day 0. (A and B) Survival (A) and weight (B) were monitored daily. Three independent experiments were performed (WT group, n = 18; Ifnar2™~
group, n = 16), and one independent experiment was performed (WT group, n = 7; Ifnarl™~ group, n = 5), and data are shown as the combined results of
all experiments. The log-rank test and Gehan-Breslow-Wilcoxon test were performed for statistical analysis of the survival curve, and the Kruskal-Wallis test
with Dunn’s multiple comparisons was performed for statistical analysis of day 1 and day 2 weights. Comparisons are WT group versus Ifinar2~~ group.
**xkp < 0.0001.
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FIGURE 6. Role for TNF-a in damage and fungal clearance during A. fumigatus infection in WT and Ifrar2™~ mice. WT and Ifnar2™’~ mice were
infected with 8 x 107 A. fumigatus conidia i.t. on day 0 and were treated with anti-TNF-a or isotype Ab ip. at 6 h pi. (A-D) CFUs from LH (A), weight
loss as a percent of day 0 (initial body weight) (B), and albumin were measured from cell-free BALF 24 h p.i. (C), and differential counts on cells from the
BALF were analyzed 24 h p.i. (D). Two independent experiments were performed, and data are shown as the combined results (A/B: WT group, n = §;
WT + isotype group, n = 7; [ﬁzarZ’/ ~ + anti-TNF-a group, n = 10; Ifnar2’/’ + isotype group, n = 9; C/D: WT group, n = 8; WT + isotype group, n = 7,
Ifnar2”~ + anti-TNF-a group, n = 9; Ifaar2”~ + isotype group, n = 8). The Kruskal-Wallis test with Dunn’s multiple comparisons (A and C) and the Man-

n—Whitney U test (B) were performed for statistical analyses. All error bars represent SDs. *p < 0.05, **p < 0.01, ***p < 0.001.

recruitment compared with isotype-treated Ifnar2™~ and WT mice
(Fig. 6D), which is not what has been reported to occur with TNF-
a blockage in WT mice (42). Further, we found that neutralization
of TNF-a in WT mice did not significantly alter their response to
fungal clearance, weight loss, or damage response compared with
isotype-treated WT mice (Supplemental Fig. 2A-C), suggesting
that high TNF-a levels are associated with the damage phenotype
found during infection. This suggests there may be a differential
role for TNF-a in the context of IFNAR signaling. To further
address the role of TNF-a in regulation of A. fumigatus outcome,
we next investigated whether treatment of the Ifinar!™™ mice with
recombinant mTNF-a would lead to exacerbated progression of
aspergillosis, mimicking what we found in the Ifrar2™~ mice. We

found that treatment of the Jfizar/™~ mice with mTNF-« led to an
increase in hyphal growth/germination compared with the PBS-treated
Ifnar]™~ mice, but still less hyphal growth than PBS-treated
WT mice (Fig. 7A, 7B) (26, 38-40). Treatment of the Ifnarl™"
mice with mTNF-« also led to a significant increase in weight loss
compared with the PBS-treated WT mice and a nonstatistically signif-
icant increase compared with PBS-treated [fnarl™ mice (Fig.
7C). Further, we found that treatment of WT mice with mTNF-a
after 4. fumigatus infection resulted in similar weight loss and ger-
mination rates compared with WT mice that did not receive mTNF-«
after 4. fumigatus infection (Supplemental Fig. 3A—C). This indicates
that this mTNF-a treatment was not sufficient to lead to altered
responses of WT mice. Together, these results suggest that although
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FIGURE 7. Role for TNF-a in damage and fungal clearance during A. fimigatus infection in WT and Ifnarl™" mice. WT and Ifnarl™" mice were
infected with 8 x 107 4. fumigatus conidia i.t. on day 0 and were treated with mTNF-a or PBS i.n. at 6 and 30 h p.i. (A) Representative images from GMS
(%x40)-stained lung sections from 48 h p.i., (B) percent germination at 48 h p.i. (data are shown as the combined results from multiple images), and (C) weight
loss as a percent of day 0 (initial body weight) were measured. Two independent experiments were performed, and data are shown as the combined results
(WT group, n = 8; Ifnarl™~ + mTNF-a group, n = 8; Ifnarl™" group, n = 6). The Kruskal-Wallis test with Dunn’s multiple comparisons was performed
for statistical analyses. All error bars represent SDs. *p < 0.05, **¥¥p < 0.0001.
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TNF-a is sufficient to alter the Jfiar]™~ mice fungal clearance and

damage phenotype, other damaging/inflammatory mediators are likely
required because we did not find a full restoration of the [/harZ_/ -
phenotype.

Discussion

Long-term immune suppression is known to be a factor predisposing
patients to acquiring fungal infections (2, 6, 43). However, there is
an increasing incidence of transiently immunosuppressed or
injured lung conditions that similarly are creating fungal per-
missive environments (6). Specifically, the increasing number of
reports highlighting the growing threat and occurrence of second-
ary fungal infections in patients with severe respiratory viral infec-
tions (10-14, 31-33), including influenza and SARS-CoV-2,
suggest that antiviral host responses could create such an environ-
ment. As far as the antiviral mechanism involved in generating
this transient immune suppression allowing for secondary infec-
tions to occur, type I IFN signaling has been identified by multiple
groups, including ours (15-19). Our recent evidence suggested
that type I IFN signaling is controlling the immune status of the
lung through regulation of damage responses (20). Because host
tissue damage is one of the main factors involved in the patho-
logical outcome to IPA in humans, we sought to investigate the
involvement of IFNAR signaling in A. fumigatus infection out-
come and severity.

Increasing evidence suggests the existence of distinct type I IFN
signaling via IFNAR1 or IFNAR?2, and that these individual recep-
tors have separate functions in relation to disease outcomes. In early
studies on type I IFNs, it was found that Ab neutralization of only
IFNARI blocked the activity of IFNe, but not IFN-$ (44). Further,
expanding on these studies, there is increasing evidence of IFNAR2
being able to signal as a homodimer (44—46). Specifically, these
studies show that when the transmembrane and intracellular portion
of IFNAR?2 are attached to a different extracellular domain (EPO,
IFN-y R2/R1, nanobodies) upon their ligand addition/binding, the
two IFNAR2 subunits dimerize and downstream ISGs are induced.
These studies suggest the possibility of the existence of IFNAR2
homodimer signaling contributing to the IFN responses. Recent evi-
dence also suggests that in the case of human IFNAR signaling that
there may be more than one binding site on IFNAR2’s intracellular
domain for STAT2, suggesting that these binding sites may play a
role in the downstream signals in terms of the genes induced and
the level of that induction (47). In the case of murine IFNAR signal-
ing, it was also previously demonstrated that there is differential
gene expression after stimulation of Ifiarl ™" and Ifnar2™" perito-
neal exudate cells with IFN-B (48). Specifically, when Ifinar2™~
peritoneal exudate cells were stimulated with IFN-3, they did not
induce conventional Jak/STAT signaling but induced >100 unique
genes compared with WT cells.

Further supporting the independent function of these IFNAR sub-
units, we previously demonstrated that treatment with rIFN-f3 at the
time of infection rescued Ifnarl™~ mice, but not Ifnar2™~ mice,
from lethal IAV infection (20). Neutralizing IFN- during 1AV
infection in WT mice resulted in increased susceptibility to second-
ary bacterial infection, suggesting the protective role for IFN-3 sig-
naling for secondary infection outcome (15). Importantly, similar
treatment with rIFN-aA at the time of infection did not rescue the
WT, Ifnar2™", or Ifaarl™~ mice from lethal influenza infection
(20). These results support a mechanism involving IFN-B—-IFNAR2
signaling in protection from [IAV infection. We also determined that
the individual IFNAR subunits differentially regulate the morbidity
and mortality to TAV, with IFNAR2 being associated with damage
regulation (20). Importantly, multiple reports from the COVID-19

pandemic examining genetic factors involved in susceptibility and
disease severity have identified loss of function and/or decreased
levels of IFNAR2 as a COVID-19 severity risk factor (49-56). In
addition, a decreased type I IFN response has also been associated
with COVID-19 disease severity (57-60), further suggesting that
type I IFN responses are important in regulating the lung environ-
ment during infection. Combined with the increasing prevalence of
secondary fungal infections in patients with COVID-19, this sug-
gested that virus-induced alterations in type I IFN signaling may be
involved in control of fungal susceptibility.

Although previous work established a role for IFNARI in being
critical for clearance from A. fumigatus infection (24), our study
revealed a role for IFNAR2 in regulating damage during infection.
We found that the IFNAR2 subunit is required for effective regula-
tion of the damage response that occurs during A. fumigatus pulmo-
nary infection. Moreover, our results suggest that IFNAR2 may
interfere with IFNAR1-medaited fungal clearance, because Ifnar2 ™~
mice were more efficient at clearing conidia compared with WT
mice. Thus, our results indicate that IFNAR1 is important for fungal
clearance, whereas IFNAR2 is important for regulating inflammation
and the associated damage/injury. Thus, it is tempting to speculate
that the lung environment of Ifiar2™~ mice may be similar to what
is found in the early stages of acute lung injury (ALI), where disrup-
tion of the alveolar—capillary barrier is followed by pulmonary
inflammation via activation of APCs in the lungs, subsequent produc-
tion of cytokines and chemokines, and recruitment of leukocytes (61).

Importantly, although we found early clearance of conidia in the
Ifnar2™" mice, our data suggest that the damaged/inflamed lung
environment in the Jfnar2™'~ mice creates an optimal niche for inva-
sive growth of A. fumigatus to occur. Because we did not find ele-
vated levels of TNF-a during IAV infection in the Ifrar2™~ mice
(20), this suggests that the TNF-a damage response in the [finar2™~
mice is being driven by A. fumigatus, specifically in the absence
of IFNAR2. Likely, the increased inflammatory response during
the early stage of A. fumigatus infection (<24 h) is aiding in the
increased conidial clearance, but without regulation of the damage
and inflammation (>24 h) this environment becomes detrimental to
the infection outcome by favoring fungal growth. This is supported
by our results demonstrating that neutralization of TNF-a in the
Ifnar2™ mice leads not only to decreased conidial clearance but
also to a modest decrease in damage. In patients, elevated levels of
TNF-a are associated with ALI, and even more so with progressive
acute respiratory distress syndrome (37, 62). In addition, progressive
lung injury is one of the hallmarks of Aspergillus infection in
patients with chronic granulomatous disease (CGD), which is char-
acterized by a hyperinflammatory/damage response (63). Consistent
with the detrimental role of hyperinflammation in CGD, neutraliza-
tion of TNF-a in a CGD mouse model prevented lung injury during
Aspergillus infection (64), supporting a role for TNF-a in creating a
damaged lung environment. However, TNF-a is likely not the only
important factor in inflamed lung environments because there was a
lack of observed benefits from multiple clinical trials and studies
aiming to block TNF-a responses in ALI and acute respiratory
distress syndrome (65—67), alluding to this damage/injury mecha-
nism being far more complicated. TNF-a is also known to be one
of the mechanisms involved in activating type I IFNs, specifically
IFN-B (68), and can induce sustained IFN responses through an
IFN-mediated autocrine loop. Because we did not find a significant
decrease in neutrophil recruitment in the Ifiar2”~ mice after
TNF-a blocking (as has been found to occur in WT mice [42]),
this further suggests existence of a TNF-IFN mechanism that is
involved in the damage response. This may involve known TNF-
effector cell responses, such as regulation of reactive oxygen spe-
cies or cell death pathways (69). It was recently demonstrated that
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TNF-a and IFN-y are both required to induce inflammatory cell
death via PANoptosis (P, pyroptosis; A, apoptosis; N, necroptosis)
during SARS-CoV-2 infection, and that this mechanism contributes
to the inflammatory-mediated mortality associated with SARS-
CoV-2 infection (70). Although this mechanism may be specific to
viral or SARS-CoV-2 infections, there is also the possibility it is
involved in the IFNAR2 damage response during A. fumigatus
infection because there is a strong indication for type I IFN signal-
ing in viral infection pathology (14, 20, 71, 72). Based on our
results, it will be important to determine whether TNF-a activation
of the downstream signaling pathways leads to induction of IFN-
and whether IFN-B—IFNAR1 signaling in the Ifinar2™~ mice plays
a role in creating the damaging environment as infection pro-
gresses. In addition, there may also be a role for IL-1 signaling in
damage responses because previous data demonstrated that neu-
tralizing IL-1R signaling in the CGD mouse model decreased
inflammation and restored host control of A. fumigatus. Because
we found that IL-1a was increased in the Ifinar2~~ mice compared
with Ifiarl™" mice, this may suggest that IL-1 signaling could
also be contributing to the damage response in the Ifinar2™~~ mice.

The specific pattern recognition receptors, whether extracellular or
intracellular (73), that are involved in this TNF-IFNAR signaling
mechanism controlling lung damage during infection remain unknown.
It is well established that TNF-a production is a major outcome from
engagement of Dectin-1 with surface-exposed B-glucan (74-77). In
addition, it was also recently shown that Dectin-1 recognition of
B-glucan from A. fumigatus was required for the initiation of type I
and type III IFN expression, and that the antifungal response of Dec-
fin-1~"~ mice could be rescued by treatment with recombinant mouse
type I and III IFNs (34). Although these results suggest that Dec-
tin-1 is involved in TNF-a activation and the response to A.
fumigatus infection, it will be important to determine whether these
same mechanisms are involved both during and after the antiviral
response. The antiviral host responses induced during viral infection
may have a role in shaping the host responses to fungal challenge,
including recognition and activation of TNF-a, that are separate
from those found to occur during primary fungal infection.

Because fungal-associated PAMPs are not accessible to pattern
recognition receptors on A. fumigatus conidia, it is well accepted
that morphological change to swollen conidia (germination) pro-
ceeds recognition of 4. fumigatus by innate immune cells. However,
our results suggest that in the absence of IFNAR2, both inflamma-
tory and damage responses are induced in the lung by 4. fumigatus
conidia. This may likely be because of activation of type I IFNs by
the lung epithelial cells, because previous work has demonstrated that
respiratory epithelial cells recognize resting conidia and induce
IFN-B- and IFN-inducible genes (78). In addition, induction of
IFN-a was reported to occur as early as 3 h after 4. fumigatus
infection, further suggesting that there may be a role for epithelial
induction of type I IFNs. However, alveolar macrophages have
also been shown to produce IFN-B after viral infection, and this
IFN-B production was involved in inducing ALI (72). It was also
recently demonstrated that alveolar macrophage induction of mito-
chondrial antiviral-signaling protein-dependent IFN responses was
required to maintain host resistance to A. fumigatus infection (38).
These studies support a role for antiviral IFN signaling responses
in alveolar macrophages in both lung damage and fungal resis-
tance. Based on our results, because we saw markers of damage
early during A. fumigatus infection (6 h) in the Ifnar2™"~ mice, this
suggests that IFINAR2 signaling from the epithelium, alveolar mac-
rophages, or a combination of both may be required to regulate
damage/injury in the lung early during infection.

Our study revealed that IFNAR2 is required for effective regulation
of the damage response that occurs during A. fumigatus pulmonary
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infection. Importantly, our study supports the likely role for aberrant
type I IFN signaling in contributing to an A. fumigatus—permissive
environment through regulation of inflammation. Moreover, our
results also further support the concept of unique contributions from
both [FNAR1 and IFNAR2 that had been established by both our
group (15, 20) and others (47, 48, 79-81). Because we previously
found evidence of increased tissue damage after IAV infection in the
Ifnar2™~ mice (20), combined with our data presented in this article,
this suggests that IFNAR2 regulation of the damage response may
be a more general host mechanism induced in response to infec-
tion in the lung. However, the downstream mediators involved in
the damage response are likely more complex because we did not
find significant differences in TNF-a during IAV infection (20),
further highlighting the need for determining these mechanisms.
Although we have not excluded the importance of the other dam-
age biomarkers we observed, our data reveal that neutralization
of TNF-a can help to mitigate at least some of the damage and
morbidity phenotypes of the [fnar2™~ mice during A. fumigatus
infection. Moving forward, it will be essential to determine the
mechanisms involved in IFNAR regulation of damage and anti-
fungal immunity, both upstream and downstream, to potentially
better inform design of treatments aimed at minimizing damage
in patients with IPA or controlling pulmonary tissue damage.
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