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Influenza-associated pulmonary aspergillosis (IAPA) is a feared
complication in patients with influenza tracheobronchitis,
especially those receiving corticosteroids. Herein, we
established a novel IAPA mouse model with low-inoculum
Aspergillus infection and compared outcomes in mice with and
without cortisone acetate (CA) immunosuppression. CA was
an independent predictor of increased morbidity/mortality in
mice with TAPA. Early antifungal treatment with liposomal
amphotericin B was pivotal to improve IAPA outcomes in
CA-immunosuppressed mice, even after prior antiviral therapy
with oseltamivir. In summary, our model recapitulates key
clinical features of IAPA and provides a robust preclinical
platform to study the pathogenesis and treatment of IAPA.
Keywords. pneumonia; amphotericin B; aspergillosis;
corticosteroids; influenza; mouse model; oseltamivir.

In addition to bacterial superinfections (eg, due to
Staphylococcus aureus), secondary Aspergillus pneumonia is
a feared complication in patients with influenza pneumonia
[1,2]. Impaired epithelial barrier integrity, local hyperinflam-
mation in the respiratory tract, and systemic immune paraly-
sis due to influenza infection can predispose even otherwise

immunocompetent hosts to influenza-associated pulmonary
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aspergillosis (IAPA) [1, 2]. Although the routine use of corti-
costeroids is discouraged and is associated with increased
mortality in patients with severe influenza pneumonia, corti-
costeroids are frequently used in patients who develop acute
respiratory distress syndrome and have been identified as a
major risk factor for both the development and poor outcome
of IAPA [1-5].

While there is increasing interest in the development of
mammalian models of IAPA [6, 7], these models typically
use a supraphysiological Aspergillus inoculum and lack the
background of corticosteroid immunosuppression, hampering
efforts to characterize the immunopathology and study treat-
ments of this clinically important entity. Therefore, we estab-
lished a novel IAPA mouse model that utilizes low-inoculum
Aspergillus infection, incorporates cortisone acetate (CA) im-
munosuppression, and recapitulates the clinical timelines of in-
fection and treatment events.

METHODS

IAPA Infection Model and Monitoring of Infection Severity

Eight- to ten-week-old female BALB/c mice were infected with
1.5% or 7.5% of the 90% lethal dose (LDy,) of a mouse-adapted
influenza A/Hong Kong/1968 (H3N2) strain [8] by delivering
approximately 5000 or 25 000 plaque-forming units of influen-
za A virus (IAV), respectively, to cohorts of up 30 mice in a neb-
ulization chamber [8]. Aerosolized saline was used as a control.
Mice then received 2 intraperitoneal injections of 400 mg/kg CA
(Sigma-Aldrich) or mock injections on days 5 and 8 after IAV
infection. On day 9, mice were anesthetized with isoflurane
(Aspen Veterinary Resources, Ltd) and intranasally challenged
with 50000 Aspergillus fumigatus AF-293 conidia or mock-
infected with saline. Severity of IAV infection and IAPA were
scored using the viral pneumonia score (VPS, range 0-12) [9]
and the murine sepsis score (MSS, 0 =healthy to 3 = moribund,
4 =death prior to the time of assessment), with previously de-
scribed modifications [10].

Therapeutic Interventions

Mice received daily tail vein injections of 5 mg/kg liposomal
amphotericin B (LamB; Gilead Sciences) or empty liposomes
(Gilead Sciences) dissolved in 5% glucose, or mock treatment
with 5% glucose on days 9 through 13 (0-4 days after A. fumi-
gatus infection, early therapy) or days 10 through 13 (late ther-
apy). We chose LamB over triazoles due to the known beneficial
immunomodulatory properties of the liposomal formulation in
corticosteroid-immunosuppressed mice with invasive aspergil-
losis [11]. In some experiments, some mice additionally re-

ceived oseltamivir (OST, 10 mg/kg; Sigma) or 5% glucose
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(solvent, mock treatment) twice daily by oral gavage on days 3
through 6 after IAV infection.

Downstream Assessment of Lung Tissue

Fungal burden was determined in lung tissue homogenates on
day 16 (7 days after A. fumigatus infection) or upon earlier nat-
ural death using an 18S quantitative polymerase chain reaction
[12].
Supplementary Methods.

assay Histopathological staining is described in

Statistical Analyses

Morbidity/mortality scores and fungal burden were compared
using the Mann-Whitney U test for 2-group comparisons and
Kruskal-Wallis test with Dunn posttest for multigroup compar-
isons. Survival curves were compared using the Mantel-Cox
log-rank test. Correlation was assessed using Spearman rank cor-
relation coefficients (2 continuous variables) or rank-biserial
correlation coefficients (continuous vs dichotomous variables).
Nonparametric general linear regression was used to evaluate
the independent impact of each challenge/intervention on day
16 MSS.

RESULTS

Establishment of a Reliable IAPA Infection Model in
Corticosteroid-Immunosuppressed Mice

For model optimization (Figure 1A), we compared infection of
mice with 2 different IAV inocula. Influenza infection alone
caused modest and temporary inoculum-dependent distress,
with median VPS peaks of 2.0 (1.5% LDyy) and 3.0 (7.5%
LDyy) by day 7 postinfection (Supplementary Figure 1A).
IAV-associated morbidity fully resolved in nonimmunosup-
pressed mice by day 10. As expected, CA immunosuppression
exacerbated the severity of IAV infection, with median VPS
plateaus at 5.0 (1.5% LDgg) and 6.0 (7.5% LDyg) by day 10-11
postinfection, respectively (Supplementary Figure 1A).
Accordingly, lungs from CA-immunosuppressed mice showed
more pronounced IAV-induced diffuse alveolar damage than
those from non-CA-treated mice (Supplementary Figure 2A).

CA plus A. fumigatus infection caused low mortality (13%-
21%) and modest morbidity in non-IAV-infected mice
(Figure 1B and Supplementary Figure 1A and 1B), although
considerable pulmonary fungal burden was seen (1.5 x 10° me-
dian conidial equivalents per lung; Figure 1C). Mice with IAPA
but no CA immunosuppression mostly recovered by day 16 (7
days after A. fumigatus infection) and showed minimal signs of
distress (median MSS, 0.5) and universal survival (Figure 1B
and Supplementary Figure 1B and 1C). Consistently, pulmo-
nary histology revealed few and mostly degenerated fungal cells
in the airways and minimal alveolar lesions (Supplementary
Figure 2B and 2C, Supplementary Figure 3A).

When all 3 challenges (7.5% LDqo IAV, CA, and A. fumiga-
tus) were combined, considerable morbidity and 64% 16-day

mortality was seen (Figure 1B and Supplementary Figure 1B
and 1C). All surviving triple-challenged mice displayed severe
distress or were in moribund condition (median MSS, 4.0; me-
dian among survivors, 2.7; P<.01 vs all other conditions;
Figure 1B and Supplementary Figure 1B and 1C). Congruently,
this cohort had high fungal burden (0.83 x 10° median conidial
equivalents per lung; Figure 1C) and showed extensive peribron-
chiolar A. fumigatus invasion as well as multiple fungal lesions in
alveolar tissue that were surrounded by massive granulocyte infil-
trates and areas of tissue necrosis (Supplementary Figure 2B and
2C, Supplementary Figure 3B-3G).

While IAPA also caused considerable morbidity (median
MSS 3.0, median among survivors 2.8) and 25% mortality in
CA-immunosuppressed mice infected with the lower 1.5%
LDy IAV inoculum, morbidity and fungal burden were less
consistent than in mice challenged with the higher IAV inocu-
lum (Figure 1B and 1C). Therefore, we used the 7.5% LDgo IAV
inoculum for all subsequent experiments.

Univariate rank correlation analysis revealed that each indi-
vidual challenge contributed significantly to increased day 16
MSS (Figure 1D), with rank correlation coefficients of 0.19 for
IAV (P=.005), 0.54 for CA (P <.001), and 0.54 for A. fumigatus
(P<.001). Furthermore, all 3 challenges were independent
predictors of day 16 morbidity/mortality in a multivariate
general linear regression model (P<.001; Figure 1D and
Supplementary Table 1). CA was also strongly associated with
other adverse outcome of IAPA, that is weight loss and high fun-
gal burden (P <.001; Figure 1D).

Of note, the severity of influenza pneumonia at the time of A.
fumigatus infection (day 9 VPS), which was significantly influ-
enced by both the IAV inoculum and CA immunosuppression,
strongly correlated with subsequent surrogates of IAPA se-
verity (MSS, fungal burden, P <.001; Figure 1D). Altogether,
these results underscore the detrimental impact of corticoste-
roids on the course and outcomes of IAPA.

Impact of Anti-infective Treatment on the Course of IAPA in
Corticosteroid-lmmunosuppressed Mice

To further validate our model, we tested the impact of antifun-
gal and antiviral therapy on the outcomes of IAPA (Figure 2A).
Compared to mock treatment with 5% glucose, a 5-day course
of LamB monotherapy, starting on the day of A. fumigatus in-
fection, significantly reduced mortality (13% vs 50%; P =.020),
morbidity (median day 16 MSS, 0.8 vs >3.0; P <.001), and fun-
gal burden (4.14 x 10* vs 3.37 x 10’ median conidial equiva-
lents per lung; P=.002) in CA-immunosuppressed mice with
IAPA (Figure 2B). Although both morbidity/mortality scores
(P=.118) and fungal clearance (P=.073) were improved by
empty liposomes versus mock treatment (glucose), the thera-
peutic benefit of liposomes without the amphotericin B com-
pound was less consistent and did not reach significance
(Figure 2B).
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Figure 1.  Corticosteroid therapy is an independent predictor of poor morbidity and mortality outcomes in a murine model of influenza-associated pulmonary aspergillosis.
A, Experimental procedures and timelines. Mice were infected with aerosolized influenza A virus (IAV) at 1.5% or 7.5% of the 90% lethal dose (LDgg) or mock-infected with
aerosolized saline. Mice then received 2 intraperitoneal injections of 400 mg/kg cortisone acetate (CA) or mock injections on days 5 and 8 after IAV infection. On day 9, mice
were intranasally challenged with 50 000 Aspergillus fumigatus AF-293 (AF) conidia or mock-infected with saline. Survival, weight, and infection severity were monitored
daily until day 16. Infection severity was scored using the viral pneumonia score (VPS) [9] and the modified murine sepsis score (MSS) [10]. Fungal burden was determined by
quantitative polymerase chain reaction (qPCR) on day 16 or upon earlier natural death. In addition, lung tissue was stained with hematoxylin and eosin (Supplementary
Figure 2) and Grocott's methenamine silver (GMS) stain (Supplementary Figure 3) for histopathological examination. B, Comparison of day 16 MSS (n = 14-16 mice per
group from 3 independent experiments) and (C) fungal burden in lung tissue (n =10 mice per group from 2 independent experiments) of Aspergillus-infected mice depending
on preceding IAV infection and CA therapy. Boxes and whiskers denote interquartile range (with median bars) and minimum-to-maximum range, respectively. Kruskal-Wallis
test with Dunn posttest. In addition, a representative GMS-stained lung tissue section from an IAV- and A. fumigatus-infected, CA-immunosuppressed mouse is shown,
documenting peribronchiolar A. fumigatus invasion extending into the surrounding alveolar tissue. Scale, 100 pm. [, Univariate rank correlation analysis comparing individual
challenges (IAV, CA, A. fumigatus) and surrogates of infection severity (weight, morbidity/mortality scores, fungal burden). Color scale represents rank correlation coeffi-
cients. X denotes nonapplicable comparisons, ie, readouts either determined prior to A. fumigatus infection or not performed in non-A. fumigatus-infected mice (fungal
burden). Individual comparisons are based on n =58-218 mice, depending on the applicability and availability of the respective readouts. Additionally, the box in the upper
right corner summarizes the results of a multivariate nonparametric logistic regression model testing the independent impact of individual challenges (IAV, CA, A. fumigatus)
on day 16 MSS values (n=216 valid data sets). *P<.05, **P< .01, ***P< .001.
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Figure 2. Timing of antifungal therapy determines the morbidity of corticosteroid-immunosuppressed mice with influenza-associated pulmonary aspergillosis (IAPA).
A, Experimental procedures and timelines. Mice were infected with 7.5% of the 90% lethal dose influenza A virus (IAV), immunosuppressed with 2 x 400 mg/kg cortisone
acetate (CA), and subsequently infected with 50 000 Aspergillus fumigatus (AF) conidia, as described in “Methods.” Mice received daily intravenous injections of liposomal
amphotericin B (LAmB, 5 mg/kg/injection), starting either on the day of A. fumigatus infection (day 9, early) or on the day following A. fumigatus infection (day 10, late). Empty
liposomes (ELS) and 5% glucose (Glc, vehicle) were used as controls. For the experiment shown in (C), mice additionally received oseltamivir (OST, 10 mg/kg) or mock treat-
ment with 5% glucose twice daily by oral gavage on days 3 through 6 after IAV infection. Severity of influenza pneumonia and IAPA was scored using the modified murine
sepsis score (MSS). Fungal burden was determined by quantitative polymerase chain reaction (qPCR) on day 16 or upon earlier natural death. B, Day 16 MSS and pulmonary
fungal burden depending on the treatment arm; n= 16 mice per treatment from 2 independent experiments. Kruskal-Wallis test with Dunn posttest. C, Day 16 MSS and
pulmonary fungal burden depending on OST treatment and timing of LAmB therapy; n = 14 mice per treatment from 2 independent experiments. Band C, Boxes and whiskers
denote interquartile range (with median bars) and minimum-to-maximum range, respectively. *P< .05, **P< .01, ***P< .001.

Lastly, we tested the combined effect of antiviral treatment of =~ infection) LamB treatment of IAPA on infection severity. OST
IAV infection with OST and early (starting on the day of A. fu- significantly attenuated the severity of influenza pneumonia in
migatus infection) or late (starting on the day after A. fumigatus ~ CA-immunosuppressed mice (median day 9 VPS, 4.0 vs 6.0;
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P <.001; Supplementary Figure 4A) and, subsequently, the se-
verity of IAPA (median day 13 MSS in mice with early LamB ther-
apy, 0.5 vs 1.2, P=.006, Supplementary Figure 4B; median day 16
MSS, 1.0 vs 1.2, P=.118, Figure 2C). Furthermore, treatment of
influenza pneumonia with OST reduced the mortality of subse-
quent IAPA in mice receiving early LamB therapy from 21% to
0% (P=.150) but did not reduce the fungal burden (Figure 2C).
Notably, even when influenza pneumonia was treated with
OST, delayed initiation of LamB therapy was associated with
worsened morbidity (median day 13 MSS, 1.2 vs 0.5, P<.001,
Supplementary Figure 2B; median day 16 MSS, 1.5 vs 1.0,
P < .001, Figure 2C) and higher fungal burden (2.88x 10" vs
1.40x 10° median conidial equivalents per lung, P=.005;
Figure 2C) in CA-immunosuppressed mice with IAPA.

DISCUSSION

Herein, we developed a new preclinical IAPA mouse model, fo-
cusing on the comparison of infection outcomes with and with-
out underlying corticosteroid immunosuppression. We found
that CA immunosuppression was strongly associated with
morbidity, mortality, weight loss, and extensive pulmonary
fungal infiltrates. This observation aligns with clinical evidence
that identified corticosteroids as a major independent cause of
poor outcomes of both influenza pneumonia and IAPA [3-5]
and underscores a need to consider the effects of corticoste-
roids as a key pathogenetic factor in preclinical models of
IAPA. Furthermore, we captured features of both airway dis-
ease and alveolar lesions in CA-immunosuppressed mice
with IAPA, aligning with the proposed role of corticosteroids
as a driver of peribronchiolar invasion and fungal tissue dis-
semination in human IAPA [2].

The use of high fungal inocula (millions of conidia) presents
a common source of artificiality in preclinical mold infection
models. Unlike the published IAPA models in immunocompe-
tent mice [6, 7], we focused on low-inoculum Aspergillus infec-
tion. Despite the low fungal inoculum, the reproducibility of
infection severity (morbidity and fungal burden) in
CA-immunosuppressed mice was comparable to the published
immunocompetent IAPA models that used high A. fumigatus
inocula.

Furthermore, our model recapitulates real-life clinical sce-
narios, that is corticosteroid treatment was initiated when
mice started to show signs of distress from influenza infection
and aspergillosis was introduced shortly after corticosteroid
therapy. These timelines are consistent with the clinical obser-
vations that IAPA usually is an early event, with an IAPA symp-
tom onset at a median of 3 days after intensive care unit
admission [3].

Our experimental approach also provided suitable therapeutic
windows to study antifungal and antiviral treatment interven-
tions. As expected, prompt LAmB therapy strongly reduced

morbidity and mortality of IAPA in CA-immunosuppressed
mice, aligning with the clinical observation that nonsurvivors
of TAPA had significantly delayed onset of antifungal therapy
than survivors [5]. Although statistical significance was not
reached, treatment with empty liposomes yielded favorable
trends of improved morbidity, mortality, and fungal clearance,
suggesting that immunomodulatory properties of the liposomal
packaging might contribute to the protective activity of LAmB
against IAPA in a background of corticosteroid immunosup-
pression [11]. These findings encourage further detailed explora-
tion of immunomodulatory effects of Aspergillus-active
antifungals, both conventional ones (eg, triazoles or cell wall in-
hibitors) and investigational drugs [13], as well as a variety of
other immunomodulatory agents in animal models of postviral
mold infections.

The impact of antiviral therapy on the incidence and thera-
peutic outcomes of IAPA is incompletely understood.
Interestingly, OST was shown to impair neutrophil-targeted cy-
tokine signaling and neutrophil recruitment, thereby increasing
the susceptibility of non-IAV-infected mice to “single-hit” pul-
monary aspergillosis [14]. Although not significant, we also
found a trend toward higher fungal burden in mice with IAPA
after OST therapy (Figure 2C). Nonetheless, our morbidity/
mortality data that indicated a modest protective effect of
OST align with the results of a recent study in an otherwise im-
munocompetent murine IAPA model, where early-onset OST
therapy improved the outcomes of IAPA, even without subse-
quent antifungal therapy [7]. Taken together, these findings
suggest that the beneficial impact of OST on the severity of in-
fluenza pneumonia outweighs potential adverse immunomod-
ulatory effects of OST that could lead to impaired fungal
clearance.

Given the known strain-specific differences in pathogenesis
and virulence [15], a major limitation of this study is the use
of a single influenza and A. fumigatus strain. Previous reports
demonstrated the feasibility of IAPA mouse models with
both HIN1 [6] and H3N2 [7] IAV strains; however, direct com-
parisons of infection severity are precluded by different time-
lines, inocula, modes of infection, and combinations with
different A. fumigatus isolates. Additionally, we used inbred
mice, which are cost-efficient and reduce experimental variabil-
ity but cannot account for the heterogeneity of patients at par-
ticular risk for IAPA and for the impact of key comorbidities
(eg, obesity and diabetes mellitus) [3].

Despite these limitations, we established a novel IAPA
mouse model with low-inoculum A. fumigatus infection that
complements existing preclinical IAPA models and facilitates
comparative studies of the pathogenesis and therapy of IAPA
with and without underlying CA immunosuppression.
Furthermore, our study underscores the detrimental impact
of corticosteroids on the course of IAPA and highlights the im-
portance of early antifungal therapy, even after prior OST
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therapy. Our model may serve as a potent platform for preclin-
ical studies of immunopharmacological effects of antivirals, an-
tifungals, and adjunct investigational immunotherapies to
prevent and treat IAPA, as well as for in-depth exploration of
specific virulence attributes of Aspergillus (eg, gliotoxin) in
the context of IAPA.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding
author.
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