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ABSTRACT Inhalation of airborne conidia of the ubiquitous fungus Aspergillus
fumigatus commonly occurs but invasive aspergillosis is rare except in profoundly
immunocompromised persons. Severe influenza predisposes patients to invasive
pulmonary aspergillosis by mechanisms that are poorly defined. Using a post-influ-
enza aspergillosis model, we found that superinfected mice had 100% mortality when
challenged with A. fumigatus conidia on days 2 and 5 (early stages) of influenza A virus
infection but 100% survival when challenged on days 8 and 14 (late stages). Influenza-
infected mice superinfected with A. fumigatus had increased levels of the pro-inflamma-
tory cytokines and chemokines interleukin (IL)-6, tumor necrosis factor (TNF)a, interferon
(IFN)B, IL-12p70, IL-1q, IL-13, CXC motif chemokine ligand 1 (CXCL1), granulocyte-col-
ony-stimulating factor (G-CSF), macrophage inflammatory protein (MIP)-1a, MIP-1(3,
regulated upon activation, normal T cell expressed and presumably secreted (RANTES),
and monocyte chemoattractant protein (MCP)-1. Surprisingly, on histopathological
analysis, superinfected mice did not have greater lung inflammation compared with
mice infected with influenza alone. Mice infected with influenza had dampened
neutrophil recruitment to the lungs following subsequent challenge with A. fumigatus,
but only if the fungal challenge was executed during the early stages of influenza
infection. However, influenza infection did not have a major effect on neutrophil
phagocytosis and killing of A. fumigatus conidia. Moreover, minimal germination of
conidia was seen on histopathology even in the superinfected mice. Taken together,
our data suggest that the high mortality rate seen in mice during the early stages of
influenza-associated pulmonary aspergillosis is multifactorial with a greater contribution
from dysregulated inflammation than microbial growth.

IMPORTANCE Severe influenza is a risk factor for fatal invasive pulmonary aspergillosis;
however, the mechanistic basis for the lethality is unclear. Utilizing an influenza-associ-
ated pulmonary aspergillosis (IAPA) model, we found that mice infected with influenza
A virus followed by Aspergillus fumigatus had 100% mortality when superinfected during
the early stages of influenza but survived at later stages. While superinfected mice had
dysregulated pulmonary inflammatory responses compared to controls, they had neither
increased inflammation nor extensive fungal growth. Although influenza-infected mice
had dampened neutrophil recruitment to the lungs following subsequent challenge
with A. fumigatus, influenza did not affect the ability of neutrophils to clear the fungi.
Our data suggest that the lethality seen in our model of IAPA is multifactorial with
dysregulated inflammation being a greater contributor than uncontrollable microbial
growth. If confirmed in humans, our findings provide a rationale for clinical studies of
adjuvant anti-inflammatory agents in the treatment of IAPA.
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he Aspergillus species are ubiquitous saprophytic fungi that cause a wide range of

diseases from allergic to invasive aspergillosis (1, 2). A. fumigatus is the most common
species of Aspergillus found in the environment and human infections. Inhalation of
the aerosolized spores (conidia) is the primary route of exposure to A. fumigatus:
on average, a person is estimated to inhale hundreds of conidia daily (1-3). Despite
frequent exposure, A. fumigatus is relatively non-pathogenic in immunocompetent hosts.
However, in immunocompromised hosts, the conidia can swell and germinate into the
invasive hyphal morphotype with the resultant development of life-threatening invasive
aspergillosis (2). Worldwide, >200,000 people/year are estimated to develop invasive
aspergillosis (4, 5). Risk factors include neutropenia, chronic granulomatous disease,
hematological malignancies, solid organ and hematopoietic stem cell transplants, receipt
of immunosuppressant treatments, and AIDS (1, 2).

Influenza A virus (IAV) is a respiratory pathogen responsible for seasonal outbreaks,
epidemics, and periodic pandemics. In the United States, influenza causes hundreds of
thousands of hospitalizations and tens of thousands of deaths annually (6, 7). Influenza
can damage the epithelial cell layer and alter immune cell function (8-11), thereby
increasing vulnerability to secondary infections including invasive aspergillosis (6, 7,
12-14). In models of influenza-associated pulmonary aspergillosis (IAPA), mice sequen-
tially challenged with 1AV and A. fumigatus had increased mortality, reduced neutrophil
recruitment to the lung (15), defective phagolysosome maturation, and reduced fungal
clearance by the phagocytic cells (16). Recently, Sarden et al. (17) found influenza
infection induces death of Bla cells, compromising natural antibody production and
weakening humoral defenses against A. fumigatus. Still, the cause of lethality in IAPA
remains incompletely defined.

In this study, we used a mouse model to explore the mechanistic underpinnings of
the high mortality in IAPA. To avoid overwhelming the host, we challenged the mice
with a dose of A. fumigatus lower than that used in other models of IAPA. We found
the lethality of IAPA is dependent on the stage of influenza infection, with mortality
only seen in mice challenged with A. fumigatus during the early stages of influenza
infection. Although prior influenza infection did not significantly impact the amount
of inflammation in the lungs following A. fumigatus superinfection, the inflammatory
response appeared to be dysregulated as evidenced by elevated levels of pro-inflamma-
tory cytokines and chemokines and suppressed neutrophil recruitment. Interestingly,
scant growth of A. fumigatus was seen in the lungs of mice regardless of whether they
had influenza infection, and the viral load was not affected by fungal challenge. Thus,
the cause of the high mortality rate in our model of IAPA appears to be multifactorial
with damage due to dysregulated inflammatory responses predominating over fungal
growth.

RESULTS
Establishment of influenza and A. fumigatus mouse models

Severe influenza infection predisposes patients to secondary invasive aspergillosis
infections (12, 13). To create a mouse model that mimics IAPA in humans, we first
performed dose-response experiments to optimize inocula of IAV and A. fumigatus. To
determine infectious doses for IAV that resulted in the mice exhibiting signs of infection
yet surviving, mice were infected with varying inocula of 1AV (Fig. 1A and B) following
which weight change and survival were monitored over time. All the mice succumbed
within 9 days post-IAV infection (dpii) at doses 1,000 and 2,500 PFU (Fig. 1A). At the lower
doses, nearly 100% of the mice survived the IAV infection. However, for all doses tested,
infected mice lost weight by 3-4 dpii with significant weight loss peaking around 8 dpii.
By 10 dpii, the mice started to recover with body weight approaching baseline values by
14 dpii except for the group infected with 250 PFU; these mice still had not recovered
their body weight by 21 dpii (Fig. 1B; Table S1 for complete statistical analysis).

Previously (18), we showed that wild-type (WT) mice had a high tolerance to pulmo-
nary A. fumigatus challenge with near 100% survival even when challenged with 5 x 10’
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FIG 1 Titration experiments to optimize IAV and Aspergillus fumigatus (Af) infectious inocula. IAV model: mice were infected with IAV at a range of 5 to 2,500

PFU/mouse (C57BL/6) via the I.N. route and monitored daily for survival (A) and body weight change (B). A. fumigatus model: mice were challenged with either

5% 10°or 1 x 10’ A. fumigatus CEA10 conidia via O.T. route and monitored for survival (C) and body weight change (D). Data represent >2 experiments: for AV

model, N = 4 mice/group and for A. fumigatus model, N = 12 mice/group. The inocula used for subsequent experiments are indicated by a solid black line and #

symbol. Statistical analysis of the weight change curves is shown in Table S1. I.N,, infected intranasally; O.T., orotracheal.

conidia. However, high inocula of A. fumigatus cause significant weight loss and
inflammation in mice (16, 17, 19) and may not mimic how hospitalized patients with
severe |AV contract secondary aspergillosis. Therefore, we challenged the mice at lower
inocula (1 x 107 and 5 x 10° conidia) to avoid overwhelming the host. We observed no
mortality with these doses (Fig. 1C). However, the mice challenged with 1 x 107 conidia
lost about 15% of their body weight and did not recover their body weight until 7 days
post-fungal challenge. At the lower dose of 5 x 10° conidia, the mice lost about 5% of
their body weight at day 1 following the challenge but then recovered their weight by
day 2 (Fig. 1D; Table S1 for complete statistical analysis). Based on these results, we
decided to use 100 PFU of IAV and 5 x 10° A. fumigatus conidia as the infectious inocula
in subsequent superinfection experiments.

Mice are more vulnerable to A. fumigatus challenge during the early stages of
IAV infection compared to the later stages

We next sought to establish a mouse model that could recapitulate the hypersusceptibil-
ity of humans with severe influenza to invasive aspergillosis by infecting mice with 1AV
followed at specified time points by A. fumigatus. Thus, on day 0, mice were infected
with 100 PFU of IAV. Then, different groups of mice were challenged with 5 x 10° A.
fumigatus conidia per mouse at 2, 5, 8, and 14 dpii (Fig. 2A). The mice were monitored
daily for percent weight change (Fig. 2B) and survival (Fig. 2C). The mice showed rapid
weight loss after A. fumigatus challenge at 2 and 5 dpii and eventually succumbed to the
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FIG 2 Experimental design for the superinfection model. Mice were first infected with IAV and subsequently challenged with A. fumigatus. (A) Schematic

description of the experimental design. Mice that were singly challenged with 5 x 10° A. fumigatus CEA10 conidia (O.T.) and singly infected with IAV at 100

PFU/mouse (I.N.) were used as control groups for the experiments. For our superinfection model, mice were infected with IAV on day 0 and were then challenged

with A. fumigatus CEA10 conidia at 2, 5, 8, and 14 dpii. After the mice were infected, their survival (B) and body weight changes (C) were monitored daily for

21 days post-lAV infection. Data were combined from two experiments with N = 5 for each experiment except for the single IAV infected control, which was

one experiment with N = 5. Data in (C) are means + SEM. ****P < 0.0001 compared with mice infected with only IAV or A. fumigatus using the Mantel-Cox test.

Statistical analysis of the weight change curves is shown in Table S1. SEM, standard error of the mean.

superinfection by 5 to 7 days after fungal challenge. There was a delay in recovery of
weight for the group that was challenged with A. fumigatus at 8 dpii although mortality
was not significantly impacted. The mice that were superinfected at 14 dpii had similar
weight loss and survival curves compared to the mice that were singly infected with 1AV
(Table S1 for complete statistical analysis). Thus, susceptibility of mice to secondary A.
fumigatus infection is maximum during the earlier stages of influenza infection.

Secondary aspergillosis alters cytokine and chemokine expressions after 1AV
infection

To examine the hypothesis that excessive or dysregulated inflammatory responses may
contribute to the lethality in experimental IAPA, groups of mice were infected with
influenza on day 0 and subsequently challenged with A. fumigatus at 2, 5, 8, and 14
dpii. Lung samples were then collected at 24 and 48 h after A. fumigatus challenge and
analyzed for cytokines and chemokines. Control mice were left uninfected, challenged
with A. fumigatus alone, or infected with IAV alone. For the group infected with 1AV
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alone, lung samples were collected at the same time points as the superinfected mice
(Fig. 3A). For each cytokine and chemokine analyzed, a unique pattern was discerned.
Compared to the control mice, the superinfected mouse lungs altered the cytokine
expression profile for IL-6, TNFa, IFNB, IL-12p70, IL-1q, and IL-1f (Fig. 3B). The superinfec-
ted lungs had significantly elevated levels of IL-6, TNFa, and IFN during the early stages
of influenza infection, but their levels dropped if the fungal challenge occurred at later
stages of influenza infection. The expression levels for IL-12p70, IL-1a, and IL-1(3 from the
superinfected lungs persisted even at later time points. The superinfected mouse lungs
also contained higher levels of the chemokines and growth factors CXCL1, G-CSF, MIP-1q,
MIP-183, RANTES, and MCP-1 at their respective time points compared to controls (Fig. 4).
Lung levels of IL-12p40, IFNy, eotaxin, MIP-1a, GM-CSF, IL-2, IL-10, IL-4, IL-13, IL-5, IL-17A,
IL-3, and IL-9 were either low or were similar comparing the control and experimental
groups (Fig. ST). We next looked for evidence of acute systemic sepsis by measuring
serum concentrations of the pro-inflammatory cytokines IL-6 and TNFa in mice. Serum
levels of IL-6 and TNFa were not significantly different comparing superinfected mice
with mice singly infected with IAV or A. fumigatus (Fig. S2A and B).

Histopathological analysis indicates that inflammation in IAPA is mostly
driven by IAV infection, and secondary aspergillosis does not further increase
the inflammation

The results from the multiplex assay showing high levels of pro-inflammatory cyto-
kines in the superinfected mice suggest that the lung samples could show extensive
inflammation. To investigate this, we performed histopathology of the lungs of mice
following IAV and A. fumigatus single and dual infections. The protocol was as described
in Fig. 3A except lungs were harvested at 24, 72, and 120 h after A. fumigatus challenge
and sections stained with hematoxylin and eosin (H&E) and Grocott's methenamine
silver (GMS). The H&E-stained slides were scored by a blinded pathologist based on the
percentage of inflammation in the lungs (Fig. 5A). When the mice were singly challenged
with A. fumigatus, roughly 10% of the lung was inflamed and the inflammation largely
dissipated by 120 h after the A. fumigatus challenge. In contrast, when the mice were
infected with IAV, the percentage of inflammation in the lungs increased as the disease
progressed, peaking around 8 to 10 dpii at nearly 50%, and then dropping down to 15%
at 19 dpii. The degree of inflammation correlated with the amount of weight loss seen in
the previous experiments (Fig. 1B and 2C). Interestingly, the superinfected mice did not
show increased inflammation compared to the mice that were singly infected with IAV.
However, we observed approximately 30% of the lungs was still inflamed at 120 h after A.
fumigatus challenge when the |AV-infected mice were challenged with A. fumigatus at 14
dpii. Inflammation was localized to lung segments (Fig. S3).

Thereafter, we focused on lung samples that were collected at 120 h after A. fumigatus
challenge as the superinfected mice start to die at this time point. Lungs from mice
challenged with just A. fumigatus showed sparse chronic inflammatory cells along very
few airways. In contrast, lungs that were either singly infected with IAV or dually infected
with 1AV and A. fumigatus had inflammatory cells composed of mostly histiocytes,
lymphocytes, and some eosinophils (Fig. 5B). To investigate the fungal burden, 20
GMS-stained lung fields per mouse were scored for the presence of germ tubes or
hyphae. Fields containing even a single germinated conidium were scored positive.
While conidia in and along the airways and the parenchyma of the lungs were seen,
geminated conidia were only observed in lungs from mice that were superinfected at 2
and 5 dpii and studied 120 h post-fungal challenge (Fig. 5C; Fig. S4). Even in those mice,
germination was seen in fewer than 15% of the fields. In comparison, extensive hyphal
growth was noted in the lungs of mice treated with cyclophosphamide, a chemother-
apy drug that predisposes mice to experimental aspergillosis (20, 21). Taken together,
the lung histopathology demonstrates that the superinfected mice do not develop
widespread invasive aspergillosis. In addition, A. fumigatus challenge after IAV infection
does not further increase the percentage of pulmonary inflammation.
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FIG 3 Lung pro-inflammatory cytokine concentrations following IAV and A. fumigatus single infections and superinfection. (A) Schematic description of the

model. Mice were infected with IAV at 100 PFU/mouse (I.N.) on day 0. The mice were subsequently challenged with 5 x 10° A. fumigatus CEA10 conidia (O.T.) at

2, 5, 8, and 14 dpii. Controls included mice that were uninfected (not shown on the schematic), infected with IAV only, and challenged with A. fumigatus only.

Lung samples were collected at 24 and 48 h post-A. fumigatus challenge. Lung samples for control mice singly infected with IAV were collected at the same time

points as for the superinfected mice. (B) Cytokine and chemokine levels, as determined by multiplex assay or ELISA on lung homogenates. There were four mice

per group, except for 14 dpii groups, which had three mice per group. Each symbol represents an individual mouse. Data are combined from two independent

experiments and expressed as means = SEM. *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001 by two-way ANOVA with Tukey’s multiple comparison test.

Additional cytokines and chemokines are shown in Fig. S1; Fig. 4. ANOVA, analysis of variance; ELISA, enzyme-linked immunosorbent assay.
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FIG 4 Lung chemokine and growth factor concentrations following IAV and A. fumigatus single infections and superinfection. See the legend of Fig. 3 for details.
*P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001 by two-way ANOVA with Tukey’s multiple comparison test.

IAV infection does not have a significant impact on fungal clearance

To examine the hypothesis that IAV infection might promote fungal growth during the
early stage of IAV infection, we chose a lethal time point (at 2 dpii) and a nonlethal
time point (at 14 dpii) to superinfect the IAV-infected mice with A. fumigatus. Mice
were infected as in Fig. 3A, except lungs were collected at 24, 48, and 120 h after A.
fumigatus challenge. At the lethal 2 dpii time point, by RT-qPCR (real-time quantitative
PCR), the IAV viral load was high with even higher viral loads at 48 h in the mice that
were superinfected with A. fumigatus (Fig. 6A), and it remained relatively high even at
120 h after the A. fumigatus challenge. We noticed IAV infection had an impact on fungal
clearance after A. fumigatus challenge especially at 120 h post-A. fumigatus challenge, as
measured by RT-gPCR (Fig. 6B) and CFU (Fig. 6C). Despite the increased fungal burden
in the lungs, extrapulmonary spread of A. fumigatus to brain, liver, spleen, and kidneys
was not observed (Fig. S5). By 14 dpii, the viral load was undetectable, except for one
sample which was just above the lower limit of detection (Fig. 6D). Although there was

September/October 2023 Volume 14

Issue 5

10.1128/mbio.01633-23 7


https://doi.org/10.1128/mbio.01633-23

Research Article

A Af Challenge at 2-dpii Af Challenge at 5-dpii Af Challenge at 8-dpii

% of Inflammation
w
8
% of Inflammation
% of Inflammation
w
8

o con]

0
Time after Af Ohr 24hr 72hr 120hr Ohr 24hr 72hr 120hr
Flu - -+ 4+ -+ o+ -+ o+ - + + -+ o+ + 4+
Af - + -+ + -+ + -+ - + -+ + -+ + -+ - + - + + -+ + -+

B | C

% of Inflammation

mBio

Af Challenge at 14-dpii

FIG 5 Lung pathology following IAV and A. fumigatus single infections and superinfection. Mice were infected with IAV and then challenged with A. fumigatus
as described in Fig. 3A, except lungs were harvested at 24, 72, and 120 h after A. fumigatus challenge. Uninfected, A. fumigatus challenged only, and IAV infected
only were used as controls and collected at the same time points as the superinfected mice. Cyclophosphamide (CP)-treated mice infected with A. fumigatus

served as a positive control for invasive aspergillosis. The data are combined from five independent experiments at different time points and each symbol
represents an individual mouse. (A) Percentage of inflammation seen on H&E sections of lungs, as determined by a pathologist blinded to the experimental
condition. Representative histology of H&E stained at 200x magnification (B) and GMS stained at 20x original magnification (C) of lung samples at 120 h after A.
fumigatus challenge. Scale bars are 50 um for (B) and 100 pm for (C). Red arrows point to conidia or hyphae in the GMS-stained lung samples.

a delay in fungal clearance at 48 h after A. fumigatus challenge as assessed by conidial
equivalents (Fig. 6E) and CFU (Fig. 6F), the fungal burden returned to the baseline level
by 120 h post-A. fumigatus challenge.

Neutrophil, but not macrophage, recruitment is dampened when mice are
challenged with A. fumigatus during the early stages of IAV infection

In the final sets of experiments, we used fluorescent Aspergillus reporter (FLARE) conidia
(18, 22, 23) combined with flow cytometry analysis to examine leukocyte recruitment
to the lungs as well as fungal uptake and killing by phagocytic cells. FLARE conidia
are genetically encoded with dsRed and then stained with the secondary fluorophore
Alexa Fluor 633 (AF633). Conidia killed by phagocytes lose their dsRed staining but retain
their AF633 staining (Fig. S6 and gating strategy: Fig. S7). This enables FLARE conidia
to be used as a tool to distinguish live conidia (dsRed* and AF633*) from dead conidia
(dsRed™ and AF633*). Moreover, when combined with labeled antibodies that distinguish
neutrophils and macrophages, phagocytosis and killing of FLARE conidia by these cell
types can be assayed. Three caveats need to be considered when interpreting flow
cytometric assays with FLARE conidia. First, FLARE conidia that germinate lose dsRed
expression. Second, phagocytic cells that contain multiple FLARE conidia cannot be
distinguished from cells with just one conidium. Finally, cells with a mixed population of
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FIG 6 Viral and fungal load in the lungs as determined by RT-qPCR analysis and CFU plating. Mice were infected I.N. with 100 PFU IAV/mouse. At either 2

dpii (red) or 14 dpii (orange), mice were then challenged O.T. with 5 x 10° A. fumigatus CEA10 conidia. Lung samples were collected at 24, 48, and 120 h after

A. fumigatus challenge. Uninfected, single IAV infected, and single A. fumigatus challenged mice were used as controls. Lung samples from the control mice

were collected at the respective time point of the superinfected mice. There are five mice per group. The data shown are the combination of four independent

experiments at different time points and expressed as means + SEM and each symbol represents an individual mouse. Top portion: mice were challenged with

A. fumigatus at 2 dpii; the relative expression of influenza (A), A. fumigatus conidial equivalent (B), and A. fumigatus CFU counts (C) were measured by RT-qPCR or

CFU plating. Bottom portion: mice were challenged with A. fumigatus at 14 dpii and the relative expression of influenza (D), A. fumigatus conidia equivalent (E),
and A. fumigatus CFU counts (F) were also measured by RT-qPCR or CFU plating. Dotted line represents the lower limit of detection (LLD) of the assay. Individual

data points, means, and SEM are shown; numbers at or below the LLD were assigned the value of the LLD. Statistics were calculated using the Mann-Whitney

(nonparametric) t test with Bonferroni’s correction for multiple comparisons. *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001.

phagocytosed live and dead FLARE conidia will be positive for dsRed and AF633 and thus
be scored as having just live conidia.

For the first set of experiments with FLARE conidia, mice were infected with 1AV on
day 0 and challenged with 3 x 107 FLARE conidia on 2, 5, 8, and 14 dpii. A higher dose of
FLARE conidia was used compared with previous experiments to increase the sensitivity
of the flow cytometry assay to detect phagocytosed conidia. Control groups consisted
of mice that were uninfected, infected with IAV alone, or challenged with A. fumigatus
FLARE conidia alone. After the mice were challenged with FLARE conidia, lung samples
were collected 24 h post-challenge. Lung samples from the single 1AV infected mice
were collected at the respective time points of 3, 6, 9, and 15 dpii (Fig. 7A). In terms of
total leukocyte counts in the lung, as determined by expression of CD45%, no differences
between superinfected mice and single 1AV infected mice were observed at any time
point. However, leukocyte numbers were higher in superinfected mice compared to mice
challenged with A. fumigatus alone at 8 and 14 dpii (Fig. 7B). Neutrophil recruitment
was mainly driven by the A. fumigatus challenge as the mice that were singly infected
with AV had significantly fewer neutrophils recruited to the lung. Compared with mice
that were challenged with FLARE conidia alone, neutrophil recruitment to the lungs of
dually infected mice was impaired during the early, but not late, stages of IAV infection.
Interestingly, the total number of neutrophils was higher when the mice were challenged
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gating strategy. (B-D) The number of leukocytes (CD45"), neutrophils (CD45", CD11b", Ly6C", Ly6G*, F4/807), and macrophages (CD45%, CD11b", Ly6G™, Ly6C™",
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at different time points and each symbol represents an individual mouse. *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001 by two-way ANOVA with

Tukey’s multiple comparison test. ns, not significant.

with FLARE conidia at 8 dpii (Fig. 7C). As for the macrophage population, significant lung
recruitment was not observed in any of the groups (Fig. 7D).

Influenza infection does not have a major effect on phagocytosis and fungal
killing of A. fumigatus conidia

We then examined A. fumigatus phagocytosis and killing by lung neutrophils and
macrophages following challenge of mice with FLARE conidia. The neutrophil and
macrophage populations shown in Fig. 7 were further analyzed for the presence of live or
dead FLARE conidia using the gating strategy shown in Fig. S7. Compared with mice not
infected with IAV, the percentage of lung neutrophils containing conidia was significantly
higher during the early stages of IAV infection (Fig. 8A), suggesting IAV infection did
not suppress the ability of neutrophils to phagocytose conidia. Interestingly though, the
total number of neutrophils containing conidia was similar during different stages of IAV
infection (Fig. 8B). Thus, mice could compensate for having fewer neutrophils recruited
to the lung (Fig. 7C) by increasing the percentage of neutrophils phagocytosing conidia.
We observed the same trends for fungal killing by neutrophils. There was a higher
percentage of neutrophils containing dead conidia (dsRed™ and AF633*) at the early
stages of influenza infection (Fig. 8C), but there were no differences observed between
the groups in terms of the total number of neutrophils containing dead conidia (Fig. 8D).

Compared to neutrophils, macrophages contributed less to fungal uptake and killing.
On average, less than 10% of macrophages had phagocytosed conidia (Fig. S8A), and the
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FIG 8 Phagocytosis and killing of A. fumigatus FLARE conidia by neutrophils. Mice were infected with FLARE conidia at 2, 5, 8, and 14 dpii, as described in Fig.

7A. Lungs were harvested at 24 h, single cell suspensions were made, and the neutrophils were analyzed by flow cytometry for the presence of live and dead

FLARE conidia according to the schematic in Fig. S4. A control group of mice was challenged with FLARE conidia alone (no IAV). (A and B) The percentage of

neutrophils containing conidia and the total number of neutrophils with conidia, respectively. (C and D) The percentage of neutrophils and the total number of

neutrophils containing only dead conidia, respectively. **P < 0.005, ***P < 0.0005, and ****P < 0.0001 by one-way ANOVA comparing the superinfected groups

with the mice singly challenged with A. fumigatus (ns, not significant). Data are the combination of >5 independent experiments at different time points and

each symbol represents an individual mouse.

total number of macrophages containing conidia was approximately 10 times lower than
those of the neutrophils (Fig. S8B). Fungal killing by macrophages was not significantly
affected by IAV infection, regardless of the time point studied (Fig. S8C and D). A
portion from each of the lung homogenates was plated on Sabouraud dextrose agar;
no differences in fungal burden, as measured by CFU, were observed comparing control
and experimental groups (Fig. S9).

DISCUSSION

Patients with severe influenza are at risk for secondary bacterial and fungal infec-
tions, including invasive pulmonary aspergillosis (12-14). In a multicenter cohort
study, invasive aspergillosis was diagnosed in 19% of patients with an intensive care
unit admission diagnosis of influenza (14). Herein, we developed a mouse model to
examine mechanisms by which influenza infection predisposes to superinfection with
A. fumigatus. In contrast to other published mouse models (15-17, 19) which used
inocula of A. fumigatus ranging from 2.5 to 10 x 10” conidia, we used 5.0 x 10° conidia
reasoning that the lower inoculum would be less likely to overwhelm the mouse and
perhaps be more physiological. Nevertheless, in agreement with investigators who used
higher inocula, we found that mice infected with a sublethal dose of IAV had 100%
mortality following a subsequent challenge with A. fumigatus. However, the timing of
the superinfection was critical as 100% mortality was seen in mice superinfected during
the early stages (days 2 and 5) of IAV infection whereas all mice challenged at later time
points (days 8 and 14) survived (Fig. 2).

In contradistinction to studies which used higher fungal inocula (15, 16, 19),
widespread hyphal growth was not observed in our experiments (Fig. 5C; Fig. S4). Most
lung specimens contained no germinated conidia or hyphae on histopathology. The
only lung samples that exhibited germinated conidia were the superinfected mice that
had prior IAV infection at 2 or 5 days and were examined at 120 h post-A. fumigatus
challenge. Based on the mortality curves (Fig. 2C), this is shortly before the mice die.
The histopathology findings are supported by RT-qPCR and CFU analyses which found
modestly increased fungal burdens in the dually infected mice at the time point before
predicted death (Fig. 6). Taken together, our data suggest that while fungal burden could
have contributed to the mortality seen during dual infection with 1AV and A. fumigatus,
it is unlikely to be the primary cause of death as extensive hyphal growth in the lungs or
extrapulmonary spread of A. fumigatus (Fig. S5) was not seen in the superinfected mice.
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Neutrophils play a crucial role in host defenses against A. fumigatus (1, 2). In a
different model of A. fumigatus superinfection following IAV infection, mice infected
with influenza infection had decreased pulmonary concentrations of the neutrophil
chemoattractants CXCL1 and CXCL2 following A. fumigatus challenge (15). Although the
superinfected mice were not neutropenic, they did have reduced neutrophil recruitment
to the lungs compared with mice infected with just A. fumigatus. We also identify that IAV
infection had a suppressive effect on neutrophil recruitment following fungal challenge.
However, reduced numbers of lung neutrophils were only seen in mice superinfected
with A. fumigatus during early stages (days 3 and 6) of the IAV infection but not during
the later stages (days 9 and 15) (Fig. 7C). In addition, at most of the time points studied,
superinfected mice had significantly higher lung CXCL1 levels compared with mice
infected with A. fumigatus alone (Fig. 4).

Liu et al. observed that neutrophil recruitment to the lungs 36 h post-A. fumigatus
challenge was not affected by influenza infection 6 days prior to fungal challenge
(16). They did, however, find inhibitory effects of IAV infection on conidial phagocyto-
sis, phagolysosome maturation, and conidial killing. Liu et al. did not find diminished
production of reactive oxygen species by neutrophils and macrophages, which others
have found when |AV-infected phagocytes were superinfected with Staphylococcus
aureus and Cryptococcus gattii (24, 25). We did not observe significant impairments in
neutrophil phagocytosis and conidial killing at 24 h after A. fumigatus challenge in
IAV-infected mice (Fig. 8). Moreover, at the four time points studied, IAV had no effect
on F4/80" pulmonary macrophages in terms of cell numbers (Fig. 7D), and conidial
phagocytosis and killing (Fig. S8). Thus, in our model, impairment of neutrophil and
macrophage recruitment and phagocyte fungicidal activity does not appear to explain
the lethality in mice with IAPA. We speculate that the disparate results are likely a
result of differences in experimental models and emphasize the importance of studying
multiple time points to get a full picture of the immunology of IAPA. The translational
importance of studying early time points is evidenced by a multicenter clinical study of
critically ill influenza patients in which 15 out of 21 patients (71%) who developed IAPA
did so within 48 h of intensive care unit admission (26).

Recently, Sarden et al. showed that natural IgG antibodies produced by innate Bla
cells contribute to host resistance to invasive aspergillosis by promoting neutrophil
opsonophagocytosis (17). IAV infection of mice led to a depletion of Bla cells and, in
an IAV/A. fumigatus superinfection model, serum from WT, but not B cell-deficient mice
improved survival following pulmonary challenge with conidia. While we did not directly
examine the effects of IAV infection on B cells and humoral defenses, we found no
significant effects of IAV infection on opsonophagocytosis of A. fumigatus conidia. A.
fumigatus conidia and hyphae activate the alternative complement pathway and are
recognized by innate pattern recognition receptors (27-29), which we speculate could
compensate for the lack of opsonic antibody.

Cytokine responses can be beneficial to host defenses, but in excess can be detrimen-
tal such as during a “cytokine storm” when a life-threatening, dysregulated cytokine
response occurs (30, 31). We examined concentrations of 24 cytokines and chemokines
at eight different time points in mice singly or dually infected with IAV and A. fumigatus
(Fig. 3 and 4; Fig. S1). During infection, it can be difficult to distinguish if an eleva-
ted cytokine response is beneficial or harmful to the host. Thus, we were particularly
interested in cytokines and chemokines that were highly expressed in mice superinfec-
ted at time points in which they succumbed to the dual infection. The most striking
finding was with IL-6 which was highly expressed in the superinfected mice, particularly
in mice superinfected with A. fumigatus at the early, lethal time points (Fig. 3B). Future
studies are needed to see if blocking IL-6 can reverse the mortality of superinfected
mice. If so, then trials of adjuvant IL-6 blockade in selected patients with IAPA might be
considered. This type of immunomodulatory approach has clinical precedent; in a trial of
hospitalized COVID-19 patients with hypoxia and systemic inflammation, subjects who
received the IL-6 blocker tocilizumab had improved outcomes (32) .
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Although the effects were not as consistent as with IL-6, lung concentrations of the
pro-inflammatory cytokines TNFa, IFNB, IL-12p70, IL-1a, and IL-13, and the chemokines
CXCL1, G-CSF, MIP-1a, MIP-13, and MCP-1 were also significantly elevated in superinfec-
ted mice at one or more early time points compared with mice singly infected with
A. fumigatus (Fig. 3B and Fig. 4). However, elevated levels of IL-6 and TNFa were not
found in the serum of the superinfected mice, suggesting systemic sepsis is not a
major contributor to death of the superinfected mice (Fig. S2). Experiments examining
variables such as pulmonary function and body temperature changes are necessary
though to determine the relative roles of the local and systemic responses to mortality.
An interesting observation from the cytokine data is the presence of spikes in lung levels
of IL-10, IFNy, and eotaxin around 6 to 7 dpii (Fig. S1). These spikes were not augmented
by superinfection with A. fumigatus but do align with one of the lethal time points in
our superinfection model (A. fumigatus challenge at 5 dpii). van der Sluijs et al. reported
that mice succumbed to secondary Streptococcus pneumoniae challenge at 14 dpii with
elevated levels of IL-10; treatment with neutralizing antibodies against IL-10 reversed the
lethal outcome (33). However, in our study, mice challenged with A. fumigatus at 14 dpii
had 100% survival, suggesting that IL-10 may have a different role in the setting of IAPA.
The expression level of other cytokines associated with anti-inflammatory responses and
tissue repair, including IL-2, IL-4, IL-5, and IL-13 were low and not significantly altered
after 1AV infection or A. fumigatus challenge. Taken together, the cytokine and chemo-
kine data suggest that post-IAV aspergillosis is associated with mostly pro-inflammatory
cytokine responses, especially at the early, lethal time points. While we speculate this
pro-inflammatory response is detrimental to the host as it is associated with mortality,
cytokine neutralization studies are needed to prove causality.

IAV infection can have severe physical and immunological impacts on the host
respiratory tract including disruption of the mucosal layer, epithelial cell and alveolar
damage, edema, tissue necrosis, and cytokine and chemokine dysregulation (9-11).
This damage creates a microenvironment that increases susceptibility to secondary
infections. However, by histopathological examination, RT-qPCR analysis, and CFU
plating, mice challenged with A. fumigatus alone almost completely cleared the fungus
and had minimal inflammation at the 120 h time point (Fig. 5 and 6). In contrast, IAV
infection induced considerably more profound and longer lasting inflammation in the
lung tissues. Moreover, despite the IAV viral load in the lungs becoming undetectable by
15 dpii (Fig. 6D), approximately 10% of the lungs remained inflamed by 19 dpii (Fig. 5A).
Unexpectedly, secondary aspergillosis did not significantly increase the percentage lung
inflammation compared with that seen with IAV infection alone (Fig. 5A). Based on these
observations, it appears the inflammation in IAPA is mostly driven by the IAV infection.

Neuraminidase inhibitors, particularly oseltamivir, are routinely used in patients with
severe influenza. Interestingly, Dewi et al. (34) showed decreased survival of mice treated
with oseltamivir and then infected with A. fumigatus. The mechanistic basis for the
reduced survival was postulated to be inhibition of host neuraminidases leading to
diminished immune responses to A. fumigatus. These data suggested that treatment of
influenza with oseltamivir may predispose patients to secondary aspergillosis. However,
when the effects of oseltamivir were studied in a mouse model of IAPA, early treatment
of oseltamivir was protective, as assessed by reduced lung damage, diminished severity
of influenza infection, and increased survival (19). These results support the notion
that the inflammatory response induced by influenza directly predisposes to secondary
aspergillosis.

In conclusion, we found vulnerability to secondary aspergillosis is maximal during
the early stages of influenza infection. While the cause of the high mortality rate in our
mouse model of IAPA remains speculative, the data suggest it is likely multifactorial. First,
mice infected with influenza alone lost about a quarter of their body weight during the
first 9 days of infection. This presumably left the mice dehydrated, nutritionally depleted,
and with a reduced capacity to withstand a subsequent A. fumigatus challenge, even
at a relatively low inoculum that in and of itself leads to minimal weight loss. Second,
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although the percent lung inflammation was similar when comparing mice infected with
IAV alone to mice superinfected with IAV and A. fumigatus, the nature of the inflamma-
tory response was different. Many pro-inflammatory cytokines and chemokines were
significantly higher in the superinfected mice. Moreover, differences between groups
were noted when examining pathology. A surprising finding, though, was fungal growth
did not appear to be a major contributor to death in IAPA. If our findings are confirmed
in humans, they suggest a rationale for clinical studies examining the benefit of adjuvant
anti-inflammatory agents in the treatment of |APA.

MATERIALS AND METHODS
Mice

Six weeks old WT C57BL/6 mice of both sexes were purchased from Taconic Bioscien-
ces (Rensselaer, NY) and housed in the animal facility at University of Massachusetts
Chan Medical School (UMCMS). Mouse experiments were conducted under a protocol
approved by the Institutional Animal Care and Use Committee at UMCMS, in accordance
with the guidelines from the National Institutes of Health's Guide for the Care and Use
of Laboratory Animals. Infected mice were monitored for body weight and survival daily.
Moribund mice were humanely euthanized.

Influenza A virus stock and mouse infection

Influenza A/PR/8/34 (PR8), grown in chicken egg allantoic fluid, was purchased from
Charles River Laboratory (Wilmington, MA, USA). The stock was titered by viral plaque
assay using Madin-Darby canine kidney cells (35). The inocula were made by diluting the
influenza stock with sterile PBS (Gibco). Mice were anesthetized with isoflurane and then
infected intranasally with doses of PR8 ranging from 5 to 2,500 PFU in 50 pL of sterile
PBS.

Aspergillus fumigatus strains, culture, and mouse challenge

A. fumigatus CEA10 and FLARE conidia were prepared as described (18, 22, 36). Conidia
were suspended at the desired concentration in PBS with 0.05% Tween 20. Isoflurane-
anesthetized mice were challenged with conidia (50 pL of the fungal suspension) via the
orotracheal route. Lungs were harvested at specified time points after influenza infection
and/or A. fumigatus challenge depending on the experiments. Control mice were left
uninfected or challenged with only A. fumigatus or IAV.

Multiplex and ELISA analysis

Lung samples were collected at specified time points and stored at —80°C. The lung
samples were processed by homogenizing with 1x cOmplete Mini protease inhibitor
cocktail (Roche) containing 0.05% Triton X-100 (EMD Millipore) and incubated on ice
for an hour. Supernatants were collected following centrifugation of the homogenate
at 18,000 gravity for 20 min at 4°C and then stored at —80°C until analysis by Bio-Plex
Pro Mouse Cytokine 23-plex Assay (Bio-Rad Laboratories) following the manufacturer’s
protocol. TNFaq, IFNB, and IL-6 (serum) were analyzed using Mouse DuoSet ELISA kits
(R&D Systems).

Histopathology staining

Lung samples were collected at specific times. As a positive control for invasive
aspergillosis, a group of mice received 10 pL/g of intraperitoneal cyclophosphamide
(20 mg/mL) (EMD Millipore) every 48 h starting 1 day before Aspergillus challenge.
Following euthanasia, lungs were inflated with 500 pL of 3.7% buffered formalin (Fisher
brand, Fisher HealthCare) through the trachea and then removed immediately from the
mouse. The collected lungs were put into a pathology cassette and stored in buffered
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formalin at room temperature until processing. The lung samples were sent to the
Morphology Core Facility at UMCMS (https://www.umassmed.edu/morphology/) where
5 um thick sections were cut and stained with H&E or GMS following the manufacturer’s
protocol (Stat Lab). The H&E-stained sections were then read in a blinded fashion by
a pathologist. Slides were scored for the percentage of inflammation and analyzed
with regard to the type of infiltration. Fungal morphology and fungal burden were
determined by reading the GMS-stained slides. The percentage of microscope fields
with germinated conidia was determined by randomly selecting 20 lung fields from the
GMS-stained samples at 20x magnification. Fields that contained at least one germina-
ted conidia were scored as positive.

CFU and RT-gPCR analyses

Lungs were harvested and placed in 1 mL of PBS containing 0.05% Tween 20 and
1 mg/mL DNase | (Sigma). The tissue was homogenized using C-Tubes from Miltenyi
Biotec. To determine CFU, 10 pyL was removed, diluted in UltraPure distilled water
(Invitrogen), and plated on Sabouraud dextrose agar (Remel). The plates were incubated
at room temperature for 3 to 5 days at which time the colonies became visible to count.
To perform RT-qPCR analysis, zirconia beads (0.6 g, BioSpec Products) were added
to the lung samples and homogenized with a Mini-Beadbeater-8 (BioSpec) for 2.5 min
at room temperature. After homogenization, samples were stored at —80°C until RNA
extraction. A 200 pL portion of the sample was taken for RNA extraction using TRIzol
Reagent following the manufacturer’s protocol. Kapa Sybr Fast One-Step universal kit
(Roche) and LightCycler 96 (Roche) were used to conduct and analyze the RT-qPCR for
all the RNA samples. Primers used in the experiments are listed in Table 1. Conidial
equivalent was calculated by comparing the cycle threshold (Ct) value of each sample to
a standard curve generated by adding known amounts of CEA10 conidia (1 x 10° to 1
x 108 to WT mouse lungs. The Ct values from the influenza and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) samples were converted into gene numbers with the
equation: TOA[(Ct — number of cycles)/—3.32]. Then the gene number of the IAV matrix
protein was divided by the gene number of GAPDH to determine relative expression.

Flow cytometry analyses

Lungs were harvested, cut into small pieces with scissors, and resuspended with
5 mg/mL collagenase and 1 mg/mL DNase | in 1 mL of RPMI 1640 without phenol red
(Gibco). After incubation at 37°C for a half an hour, the lung samples were meshed with
the plunger of a syringe on a 70-um cell strainer and rinsed with RPMI 1640 without
phenol red. To determine CFU, 10 puL was removed and plated as described above.

To analyze the lung cells by flow cytometry, red blood cells (RBC) were lysed with
RBC buffer (Invitrogen), and the remaining cells were washed and resuspended in
1 mL of RMPI 1640 without phenol red. Then, 100 pL of the sample was stained
for cell surface antigens. First, Fc receptors were blocked with anti-mouse CD16/CD32
monoclonal antibody 2.4G2 (BD Pharmingen) following the manufacturer’s instruction.
Surface markers were stained with antibodies listed in Table 2. Flow cytometer data were

TABLE 1 List of primers for RT-qPCR assays

Target gene Primers References
A. fumigatus 185 Sense 5-GGCCCTTAAATAGCCCGGT-3’ 15,37
rRNA
Antisense 5-TGAGCCGATAGTCCCCCTAA-3"
Influenza matrix Sense 5-CTTCTAACCGAGGTCGAAACGTA-3’ 38
protein RNA

Antisense 5-GGTGACAGGATTGGTCTTGTCTTTA-3’
GAPDH Sense 5-GGCAAATTCAACGGCACAGT-3" 39
Antisense 5-AGATGGTGATGGGCTTCCC-3’
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TABLE 2 List of surface marker antibodies

Monoclonal antibodies Clone Dilution Manufacturer
CD45-BV785 (0.2 mg/mL) 30-F11 1:200 Biolegend
CD11b-AF700 (0.2 mg/mL) M1/70 1:200 Invitrogen
CD11c-BV650 (0.2 mg/mL) N418 1:200 Biolegend
Ly-6C-PE-Cy7 (0.2 mg/mL) HK1.4 1:100 Biolegend
Ly-6G-PerCP-Cy5.5 (0.2 mg/mL) 1A8 1:100 Biolegend
F4/80-APC-Cy7 (0.2 mg/mL) BM8 1.5:100 Biolegend

acquired with a 5-Laser Cytek Aurora cytometer and analyzed with FlowJo X software
(Tree Star Inc.).

Graphs and statistics

Graphs were generated and statistics calculated using Prism GraphPad Software (version
9.4). Graphic designs were created using BioRender.
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