
Vol.:(0123456789)1 3

Current Microbiology (2023) 80:28 
https://doi.org/10.1007/s00284-022-03102-1

Innate and Adaptive Immune Responses Induced by Aspergillus 
fumigatus Conidia and Hyphae

Yingzhi Luo1 · Fang Liu2 · Lin Deng3 · Jie Xu2 · Qingtao Kong2 · Yi Shi4 · Hong Sang1 

Received: 2 July 2022 / Accepted: 22 October 2022 / Published online: 6 December 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Previous research indicated that hyphae of Aspergillus fumigatus (A. fumigatus) rather than conidia could successfully build 
a pulmonary aspergillosis model in immunocompetent mice. In this study, we compared the immune responses induced by 
hyphae and conidia to explore the possible mechanism of this striking phenomenon. Herein, a novel method was designed and 
adopted to quantify hyphal fragments. Murine macrophages RAW264.7 and human peripheral blood mononuclear cells were 
stimulated by A. fumigatus hyphae and conidia in vitro, respectively, and then immunological reactions were measured. Male 
C57BL/6 mice were challenged with conidia and hyphae through intratracheal inoculation. Dynamic conditions of mice were 
recorded, and RNA-seq measured corresponding immune responses. The results of the study confirmed that hyphae could 
induce more intensive inflammation than conidia in vitro and in vivo. However, macrophages revealed a higher production 
of ROS and M1 polarisation in response to conidia stimuli. Additionally, conidia could promote Th1 cell differentiation, 
while hyphae could increase the CD4/CD8 ratio. RNA-seq validated the fact that those multiple immunologically relevant 
pathways were more strongly activated by hyphae than conidia, which also promoted Th2 cell differentiation and suppressed 
Th1 signalling. Both hyphae and conidia could activate Th17 signalling. In general, conidia and hyphae induced distinctly 
different host immune responses, and the immune responses induced by conidia played a better protective effect. Therefore, 
the unique function of hyphae in the spread and infection of Aspergillus should be emphasised, and more research is required 
to clarify the underlying mechanisms for better understanding and management of aspergillosis.

Introduction

Pulmonary aspergillosis refers to a spectrum of clinical 
syndromes caused by airborne Aspergillus spp. These are 
a series of saprophytic moulds abundant in indoor and out-
door environments that mainly affect the respiratory tract 
of immunocompromised patients. Depending on the host 
characteristics, aspergillosis was categorised into invasive 
pulmonary aspergillosis (IPA), chronic pulmonary asper-
gillosis and allergic bronchopulmonary aspergillosis [1–4]. 
With the widespread use of broad-spectrum antibiotics and 
immunosuppressive agents, the high incidence of aspergillo-
sis remains a public concern [5–8]. Moreover, the pandemic 
of the coronavirus disease 2019 (COVID-19) has shown a 
high frequency of co-infection with Aspergillus spp., lead-
ing to severe outcomes and heavy medical burdens [9–14].

Aspergillus fumigatus (A. fumigatus) is the most common 
etiologic species of aspergillosis. In its life cycle, numer-
ous asexual conidia are produced and spread, which can be 
inhaled by humans and easily reach the alveoli owing to their 
tiny size [15]. For immunocompetent individuals, invading 

Yingzhi Luo, Fang Liu and Lin Deng have contributed equally to 
this work.

 * Yi Shi 
 yishi201607@163.com

 * Hong Sang 
 sanghong@nju.edu.cn

1 Department of Dermatology, Jinling Hospital, Medical 
School of Nanjing University, Nanjing 210002, China

2 Department of Dermatology, Jinling Hospital, Nanjing, 
China

3 Department of Dermatology Affiliated, Hangzhou First 
People’s Hospital, Zhejiang University School of Medicine, 
Hangzhou 310006, China

4 Department of Respiratory and Critical Medicine, 
Jinling Hospital, Medical School of Nanjing University, 
Nanjing 210000, China

http://orcid.org/0000-0001-7188-6740
http://crossmark.crossref.org/dialog/?doi=10.1007/s00284-022-03102-1&domain=pdf


 Y. Luo et al.

1 3

28 Page 2 of 12

conidia will get cleared by airway immune systems, includ-
ing epithelium, macrophages, neutrophils, and other immune 
cells. Once the host immune system gets compromised, the 
uneliminated conidia will swell and germinate to form inva-
sive hyphae, resulting in different types of aspergilloses [15, 
16]. The mechanism of host immunity against Aspergillus is 
stage-specific. During swelling and germination, the outer-
most hydrophobic rodlet layer of conidia gets lost, and the 
melanin layer is disorganised, thus resulting in the expo-
sure of the inner layer β-1,3-glucan [17]. These molecular 
changes account for various pathogen-associated molecular 
patterns (PAMPs) in the surface of A. fumigatus conidia and 
hyphae, including chitin, β-glucan, galactomannan, and the 
like. As for the host immune system, various pathways are 
activated to defend against the pathogen via specific pattern 
recognition receptors (PRRs). These include Toll-like recep-
tors (TLRs) and C-type lectin receptors (Clecs), which can 
recognise the PAMPs in the surface of conidia or hyphae and 
trigger a series of pro-inflammatory and anti-inflammatory 
reactions [16].

In the past decades, researchers focused much more on 
conidia as the inhalable causative agent of pulmonary asper-
gillosis. However, hyphal fragments can also be airborne and 
directly invade the respiratory tract [18, 19]. It is common to 
see nonsporulating moulds, especially A. fumigatus, be iso-
lated and identified as the pathogenic microorganism in the 
respiratory tract samples [20]. We had previously obtained 
two clinical nonsporulating A. fumigatus strains from the 
pulmonary specimens of two immunocompetent patients. 
To prove their pathogenicity, Zhang Z et al. found an inter-
esting phenomenon that hyphae of A. fumigatus rather than 
conidia could cause pulmonary aspergillosis in immunocom-
petent hosts [21]. Hyphal fragments have been reported that 
they could induce stronger inflammatory cytokines secre-
tions than conidia, indicating that hyphae may have stronger 
immunogenicity [22]. However, the previous reports only 
exhibited the superficial secretion phenomenon in mac-
rophages, which has not been generalised to the whole 
immune system and correspondingly short of conviction. 
Therefore, more research must be performed to determine 
hyphae’s unique effect on aspergillosis. This study's main 
objective was to compare host immune responses against 
airborne conidia and hyphae in vitro and in vivo, laying a 
foundation for future in-depth mechanistic research.

Materials and Methods

Mould Preparation

A. fumigatus wild-type strain Af293 (purchased from FGSC, 
the Fungal Genetics Stock Center, University of Missouri, 
USA) was cultured in rich media YAG containing 0.5% 

(w/v) yeast extract, 2% (w/v) glucose and 0.1% (v/v) trace 
elements at 37 °C. Conidia and hyphal fragments were cul-
tured and harvested as described in a previous study [23].

Fungal Quantification

To better compare conidia and hyphal fragments, the ratio 
of surface area to volume was adopted as the quantitative 
parameter. At first, the cross-sectional areas of conidia and 
hyphae were measured, respectively, by Image J software 
after taking fluorescent pictures with Calcofluor white 
(Sigma, USA) staining. Further, a hemacytometer was used 
to keep an equal volume of each picture.

The cross-sectional areas of conidia and hyphal fragments 
measured by Image J software were, respectively, named 
S1 and S2 . The total surface areas of conidia and hyphae 
were named S

c
 and S

h
 , respectively. Then, the radius of 

the conidia was set to be r , while the radius and length of 
the hyphal fragments were set to be R and L , respectively. 
The numbers of conidia and hyphal fragments were n and 
N , respectively, while that of the original hyphae was N2 
(N2 ≪ N). The process of whole conversion was as follows:

The final concentration of fungal suspension was calcu-
lated and standardised by the multiplicity of infection (MOI) 
ratios of conidia to cells. Conidia and hyphae were inacti-
vated at 95 °C in the water bath for 30 min.

RAW264.7 Macrophages Culture and Stimulation

RAW264.7 macrophages were maintained in humidified air 
at 37 °C, 5%  CO2 in DMEM supplemented with 10% fetal 
bovine serum (FBS; Gibco, USA). Macrophages were stimu-
lated with gradient concentrations of conidia or hyphal frag-
ments. They were then incubated with live conidia (LC) and 
live hyphal fragments (LH) for 6 h and with heat-inactivated 
conidia (HIC) and hyphal fragments (HIH) for 24 h (MOI 
ranging from 0.1 to 100). Supernatants were collected and 
stored at −80 °C until examination.

CCK‑8 Assay

Cell Counting Kit-8 (CCK-8) assay was performed to meas-
ure cell viability. RAW264.7 macrophages were plated in 
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96-well flat-bottom culture plates at 5*103 cells/well density 
and incubated overnight. Thereafter, cells were stimulated 
with gradient live organisms for 6 h and inactivated ones 
for 24 h. After washing with PBS (Hyclone, USA) twice, it 
was added with fresh medium and 10 μL CCK-8 reagent in 
each well for 1-h incubation. Finally, the absorbance value 
was measured at the wavelength of 450 nm using an ELISA 
plate reader. The viability index of the cells was determined 
using the following equation:

control group: group without fungal stimuli, blank group: 
group without cells and fungal stimuli.

ROS Assay

RAW264.7 macrophages were washed and collected with 
PBS after fungal stimulation (MOI = 10), as mentioned 
above. Macrophages were then incubated with dihydroeth-
idium (Beyotime, China) at 37 °C for 30 min. Next, fluores-
cence intensity was detected at 488 nm (excitation wave-
length) and 535 nm (emission wavelength) through flow 
cytometry (Invitrogen, USA).

PBMC Isolation and Stimulation

With written informed consent upon approval of the ethics 
committee of Jinling Hospital, 20 mL EDTA blood samples 
were collected from healthy volunteers. Peripheral blood 
mononuclear cells (PBMCs) isolation was performed by 
Ficoll-Paque density-gradient centrifugation. After wash-
ing and centrifuging, PBMCs were resuspended in an RPMI 
1640 (Gibco, USA) culture medium containing 10% FBS 
and then stimulated with live or heat-inactivated fungi for 
different durations. PMA (25 ng/mL) + ionomycin (1 μg/mL) 
stimulation for 6 h was used as a positive control. Super-
natants were collected and stored at -80 °C until cytokine 
assays were performed. Cells from different donors were 
used for the biological replicates.

T Cell Subset Analysis

Live conidia and hyphal fragments stimulated PBMCs for 
6 h and inactivated ones for 24 h. At the last 6 h of incuba-
tion, PMA (25 ng/mL), ionomycin (1 μg/mL) and brefeldin 
A (10 μg/mL) were added. Next, cells were collected and 
washed with PBS, followed by extracellular staining with 
anti-human CD3 PE-Cy7, CD4 APC-Cy7 and CD8 PE-Cy5.5 

Cellviability =(Aexperimentgroup − Ablankgroup)

∕(Acontrolgroup − Ablankgroup) × 100%,

for 15 min. After that, PBMCs were centrifuged and resus-
pended in Fixation/permeabilisation reagents (Biogems, 
USA) for 30 min to perform the subsequent intracellular 
cytokine staining with anti-human IL-4 R-PE, IL-17a APC 
and IFN-γ Alexa Flour™ 700 (all antibodies: BioLegend, 
USA). Cell populations were analysed through flow cytome-
try. T lymphocyte was defined as  CD3+ cells, and T cell sub-
sets were defined as Th1:  CD4+ IFN-γ+, Th2:  CD4+ IL-4+ 
and Th17:  CD4+ IL-17a +. CD4 (%) =  CD3+CD4+/CD3+, 
CD8 (%) =  CD3+CD8+/CD3+, Th1 (%) =  CD3+CD4+IFN-γ+/
CD3+CD4+, Th2 (%) =  CD3+CD4+IL-4+/  CD3+CD4+, Th17 
(%) =  CD3+CD4+IL-17a+/  CD3+CD4+

Mice and Infection

Forty-eight male C57BL/6 mice (aged 6–8 weeks) were pur-
chased from Qinglongshan animal centre (Jiangsu, China) 
and acclimatised. Mice were randomly divided into three 
groups, with 16 mice in each group. Ten mice from each 
group were used for survival observation, three for histo-
pathology examination and three for RNA-seq. Chloral 
hydrate (350 mg/kg) was intraperitoneally injected into mice 
for anaesthesia. The three groups were challenged intratra-
cheally with 50 μL conidia suspension  (109/mL, conidia 
group), hyphal fragments suspension (hyphae group, equal 
concentration of conidia), or normal saline (control group), 
respectively. The mice were observed every 12 h for 10 days, 
and their lungs were immediately removed after anaesthesia 
or death. Lungs from three mice in each group were har-
vested, frozen and ground for RNA extraction 24 h after 
fungal inoculation, and the RNA products were stored for 
RNA-seq after quality testing. On the fourth day of the inter-
vention, lungs from another three mice in each group were 
removed and fixed with 10% (v/v) formalin for periodic acid 
Schiff (PAS) staining. All animal experiments were carried 
out per the Institutional Animal Care and Use Committee of 
the Jinling Hospital.

Quantitative Real‑Time Polymerase Chain Reaction 
(qRT‑PCR)

According to the instructions, total RNA was isolated from 
RAW264.7 cells or murine lung tissues using TRIzol rea-
gent (Invitrogen, USA). OD260/280 ratio of RNA between 
1.8–2.0 tested by spectrophotometer was qualified for the 
subsequent experiment. A total of 1 μg RNA was reverse-
transcribed into a cDNA template, and cDNA products 
were diluted 1:5 with diethylpyrocarbonate-treated water 
without DNAse treatment. Quantitative real-time polymer-
ase chain reaction (20 μL reaction volume) was performed 
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in triplicate using forward and reverse primers (0.8 μL and 
10 μmol/L, respectively), a 2 μL cDNA aliquot and 10 μL 
TB Green® Premix Ex TaqTM II (Takara, China). House-
keeping gene β-actin was used for the standardisation of 
mRNA, and relative expression analysis was performed 
using the  2−ΔΔCt method. All primers were validated by 
NCBI Primer-Blast (https:// blast. ncbi. nlm. nih. gov/ Blast. 
cgi) to ensure the specificity and the details of the primers 
are shown in Table S1.

RNA‑Seq

Total RNA was isolated from murine lung tissues harvested 
24 h after fungal inoculation using the TRIzol reagent. 
mRNA was purified using Oligo(dT)-containing beads 
and fragmented into small pieces. Then, the products were 
reverse transcribed to first- and second-strand cDNA. After-
wards, A-Tailing Mix and RNA Index Adapters were added 
by incubating to end repair. cDNA fragments amplification 
was performed via PCR, and the products were purified by 
Ampure XP Beads. Subsequently, quality control was per-
formed on the Agilent Technologies 2100 bioanalyser. The 
double-stranded PCR products were denatured and circu-
larised, and the synthesised single-strand circle DNA (ssCir 
DNA) was formatted as the final library. The final library 
was amplified with phi29 to make a DNA nanoball (DNB) 
that had more than 300 copies of one molecule. DNBs were 
loaded into the patterned nanoarray, and 50 single-end base 
reads were generated on the BGIseq500 platform (BGI-
Shenzhen, China). The sequencing data were filtered with 
SOAPnuke to obtain clean reads and stored in FASTQ for-
mat. The Dr. Tom Multi-omics Data mining system (https:// 
biosys. bgi. com) was adopted for subsequent analysis and 
data mining. Then the obtained clean reads were aligned 
to the gene set built by BGI (Beijing Genomic Institute in 
ShenZhen) using software Bowtie2. The gene expression 
level was calculated by RSEM (v1.3.1), and the heatmap 
was drawn by pheatmap (v1.0.8). Essentially, DESeq2 
(v1.4.5) was applied for differential expression analysis with 
Qvalue ≤ 0.05. Furthermore, KEGG (https:// www. kegg. jp/) 
enrichment analysis of differentially expressed genes was 
performed using Phyper (https:// en. wikip edia. org/ wiki/ 
Hyper geome tric_ distr ibuti on) based on the Hypergeomet-
ric test. Qvalue ≤ 0.05 was the significant threshold for the 
correction of terms and pathways.

ELISA

Supernatants of macrophages and PBMCs were col-
lected after stimulation and centrifuged for enzyme-linked 

immunosorbent assay (ELISA). Commercially available 
ELISA kits for mouse TNF-α, IL-6 and human TNF-α, IL-6, 
IL-1β and IL-4 (Novusbio, USA) were used according to the 
manufacturers’ instructions.

Data Analysis

The analysis of flow cytometric samples was performed in 
FlowJo software (TreeStar, USA). Statistical analyses were 
performed in GraphPad Prism 7 (GraphPad Software Inc., 
USA). One- or two-way analysis of variance (ANOVA) 
was used to analyse data sets of CCK-8, qRT-PCR and 
ELISA, depending on the number of explanatory vari-
ables in the experimental design. Results were presented as 
mean ± standard deviation (SD) of triplicate experiments. 
Flow cytometry results about T cell populations were ana-
lysed by the Friedman test. P < 0.05 was considered statisti-
cally significant.

Results

Macrophages RAW264.7 Were Classically Activated 
by A. fumigatus Conidia and Produced More ROS 
than Hyphal Stimulation

Cells were stimulated with the A. fumigatus in different 
stages to elucidate the different responses of immune cells 
against conidia or hyphae. In vitro, immune cells were 
exposed to live fungi for 6 h to mimic the early dynamic 
stage of fungal invasion. Meanwhile, accumulated inflam-
matory responses were observed when exposed to heat-
inactivated ones for 24 h.

Concerning macrophages, inducible nitric oxide synthase 
(iNOS) mRNA expression after the stimulation of Aspergil-
lus was concentration and fungal state dependent. As shown 
in Figs. 1a and b, the iNOS mRNA expression is a marker 
of classical macrophage activation (M1 polarisation), which 
was increased in conidia-stimulated macrophages rather than 
hyphae-stimulated ones.

In host defence against fungi like alveolar macrophages, 
reactive oxygen species (ROS) play an essential role. In this 
study, intracellular superoxide  (O2

–) was detected by DHE 
staining. Macrophages stimulated by conidia revealed a 
higher ROS production than the control and hyphae group 
(Supporting Information Fig. S1 a & b), which was consist-
ent with the cellular iNOS levels.

Fungal Stimulation Promotes the Proliferation 
of Macrophages RAW264.7

CCK-8 assay was used to measure the cell viability after 
fungal stimulation. Both conidia and hyphal fragments 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://biosys.bgi.com
https://biosys.bgi.com
https://www.kegg.jp/
https://en.wikipedia.org/wiki/Hypergeometric_distribution
https://en.wikipedia.org/wiki/Hypergeometric_distribution
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stimulation exhibited a concentration-dependent rise in 
the cell proliferation (P < 0.05), and the live fungus groups 
indicated a more obvious alteration than the inactivated 
ones (P < 0.05), though no significant difference was found 
between the two groups (P > 0.05) (Fig. 1c).

Cytokine Profile of A. fumigatus‑Stimulated 
Macrophages RAW264.7 and PBMCs

The cytokine profile can intuitively reflect inflammatory 
reactions of macrophages after exposure to different fungal 
particles. As shown in Fig. S2, TNF-α and IL-6 indicated 
a concentration-dependent increase in secretion. Addition-
ally, the releases of TNF-α and IL-6 were more remarkable 
after exposure to hyphal fragments for 6 h than exposure to 
conidia.

The cytokine profile of PBMCs induced by A. fumigatus 
conidia and hyphal fragments were detected to explore the 
host immune response. The human TNF-α, IL-6, IL-4 and 
IL-1β were directly proportional to stimuli concentration 
(Fig. 2), consistent with the cytokine profile of macrophages. 
In most cases, the human TNF-α, IL-6 and IL-4 concentra-
tions of hyphae-stimulated PBMCs were higher than that of 
conidia-stimulated cells at the same concentration.

Dynamic T Cell Subset Changes Induced by Conidia 
and Hyphae

Dynamic T cell subset changes were observed after expo-
sure to conidia or hyphae (Fig. 3& Fig. S3). In general, 
hyphae-stimulated cells showed an obvious elevation of 
the CD4/CD8 ratio compared with conidia-stimulated ones 
(P < 0.05). The percentage of  CD4+ cells was significantly 
increased (P < 0.05) and  CD8+ slightly decreased compared 
to that of conidia-stimulated group (P > 0.05). The percent-
age of Th1 cells (Th1%) increased greatly in both LC and 
HIC groups (P < 0.05). In contrast, the hyphae group exhib-
ited a higher proportion of Th2 cells than the corresponding 
conidia group without statistical significance (P > 0.05). Nei-
ther group showed any changes in Th17 cell differentiation 
(P > 0.05).

Survival of Immunocompetent C57BL/6 Mice 
Following Inhalation of A. fumigatus Conidia 
or Hyphal Fragments

In the murine pulmonary aspergillosis model, the mortality 
of hyphae-stimulated mice reached 40% (P < 0.05). Mean-
while, the mice stimulated with conidia and normal saline 

Fig. 1  Immune responses of macrophages induced by A. fumigatus 
conidia and hyphae. a The iNOS mRNA expression of macrophages 
induced by A. fumigatus conidia and hyphae in different conditions 
(stimulation time and fungal activity). b The iNOS mRNA expression 
of macrophages induced by A. fumigatus conidia and hyphae at dif-
ferent concentrations. c Cell viability of macrophages after stimula-

tion by A. fumigatus different at different concentrations. MOI rang-
ing from 1:10 to 100:1. Data represent mean ± standard deviation 
(n = 3).*P < 0.05 vs. the controls. Live Conidia LC, Live Hyphal frag-
ments LH, Heat-inactivated Conidia HIC, Heat-inactivated Hyphal 
fragments HIH



 Y. Luo et al.

1 3

28 Page 6 of 12

all survived to the end point of the assay (Fig. 4a). Addition-
ally, focal infection of Aspergillus was only observed on the 
pulmonary histopathology of hyphae-inoculated mice four 

days post-inoculation (Fig. 4b). The fungal culture of murine 
lungs further confirmed the aspergillosis.

Fig. 2  Cytokine profile of murine macrophages and PBMCs stimu-
lated by A. fumigatus conidia and hyphae measured by ELISA. a 
human TNF-α, b human IL-6, c human IL-1β, and d human IL-4. 

Data represent mean ± standard deviation (n = 3). *P < 0.05 vs. the 
control group. Live Conidia LC, Live Hyphal fragments LH, Heat-
inactivated Conidia HIC, Heat-inactivated Hyphal fragments HIH

Fig. 3  T cell expression of 
human PBMCs after stimula-
tion by A. fumigatus conidia 
and hyphae. a CD4/CD8 ratio, 
b Th1, c Th2, d Th17. Each 
geometric symbol represents 
a sponsor (n=4). Live Conidia 
LC, Live Hyphal fragments LH, 
Heat-inactivated Conidia HIC, 
Heat-inactivated Hyphal frag-
ments HIH
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Fig. 4  RNA-seq profile of the immunocompetent murine pulmonary 
aspergillosis model 24  h post-inoculation. a Unique gene expres-
sion. b Volcano map of DEGs. c KEGG pathway enrichment bubble 
chart. Note: The size of the bubble represents the number of genes 

annotated to the KEGG pathway. The colour represents the enriched 
significance. Rich Ratio = Term Candidate Gene Number/Term Gene 
Number. d KEGG pathway classification
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The Immune Responses Against Hyphae and Conidia 
have Similarities and Differences in the Murine 
Pulmonary Aspergillosis Model

RNA-seq detected a total of 18,984 transcripts in three 
groups. Only 234 genes were significantly differentially 
regulated between the control and the conidia groups 
(|log2FC|≥ 2, Q-value ≤ 0.05). On the contrary, the num-
ber of differentially expressed genes (DEGs) between the 
hyphae and the control groups was up to 1,123, with 633 up-
regulated and 490 down-regulated (Fig. 4a). However, 712 
significant DEGs (Fig. 4a and b) between the conidia and 
the hyphae groups were analysed. KEGG pathway enrich-
ment analysis showed a series of immunologically relevant 
pathways that were involved, including the IL-17 signalling 
pathway, TNF signalling pathway, Toll-like receptor signal-
ling pathway, NOD-like receptor (NLR) signalling pathway, 
and others (Fig. 4c). Additionally, KEGG pathway classifi-
cation revealed that signal transduction and immune system 
were common DEG-intensive categories (Fig. 4d).

Hyphae could induce more intensive inflammatory 
responses in murine lungs than conidia. The expression of 
genes associated with immunologically relevant pathways 
mentioned above was activated more strongly in the hyphae 

group than in the conidia group. We subsequently identi-
fied a series of differentially expressed cytokines as well 
as essential receptors, including TLRs, Clecs and NLRs, to 
gain insight into immune responses against Aspergillus (Fig. 
S5).

Thereafter, to better understand immune signalling pat-
terns amongst the murine model, T cell differentiation 
pathway-associated genes were analysed by qRT-PCR. As 
shown in Fig. 5, both groups tended to activate the Th17 cell 
differentiation pathway after intratracheal mould injection. 
The expressions of IL-17a, IL-17f, and stat3 were up-reg-
ulated. Besides, expressions of IL-17 signalling-associated 
chemokines CXCL1, CXCL2, CXCL5, CXCL10 and CCL2 
were likewise significantly increased. Regarding Th1 and 
Th2 cell differentiation, RNA-seq revealed that Th2 cell 
differentiation tended to get activated, and Th1 differentia-
tion was relatively silenced in the hyphae group. The genes 
related to Th2 cell differentiation, including IL-13 and IL-
4Ra, were significantly up-regulated, while the key genes in 
the Th1 cell differentiation pathway, such as stat1 and T-bet, 
were down-regulated. However, in the conidia group, the 
gene expressions of Th1 and Th2 cell differentiation path-
ways were not significantly altered except for the mild eleva-
tion of IL-4Ra.

Fig. 5  T cell differentiation 
and inflammation in the murine 
pulmonary aspergillosis model. 
a The fold change of multiple 
immunological genes detected 
by RNA-seq and b The fold 
change of multiple immunologi-
cal genes detected by qRT-PCR 
(b and c). Data represent 
mean ± standard deviation 
(n = 3)., *P < 0.05 vs. the control 
group
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Discussion

A. fumigatus, the causative agent of a series of human infec-
tions, is a kind of ubiquitous fungus in the environment. 
IPA is the most dangerous and fatal type of aspergillosis. 
The current worldwide prevalence of COVID-19 leads to 
the elevated risk of IPA due to dysfunction of host immunity 
and disruption of normal lung structure. Therefore, more 
efforts should be made to clarify the interaction between A. 
fumigatus and host immunity.

This research is based on Zhang’s experimental results, 
which were published in 2020 [21]. As mentioned above, 
Zhang found A. fumigatus hyphae rather than conidia could 
successfully build a pulmonary aspergillosis model in immu-
nocompetent mice. Previous studies generally chose swollen 
or germinated conidia to replace mature hyphae for experi-
ments, which are convenient to quantify and easy to compare 
with the conidia group. However, it cannot well represent 
the natural state of mature hyphal infection. To simulate the 
inhalable hyphae infecting the respiratory tract naturally, we 
obtained properly sized hyphal fragments by grinding the 
mature hyphae rather than shortening the incubation time 
to get budding ones. This inevitably brought great difficul-
ties in quantification. In the past reports, several methods 
for hyphal quantification showed advantages and disadvan-
tages. Direct counting with a hemacytometer can be simple 
and fast to quantify newly germinated hyphae with nearly 
similar sizes, just like the common quantification of conidia 
[24]. However, this method cannot quantify mature hyphae 
or hyphal fragments because hyphal particles differ in size 
and growth activity, and thus, the systematic error of the 
process is difficult to measure. Colony-forming units have 
the same limitation as direct counting with a hemocytometer. 
Gravimetry has ever been adopted for fungal quantification, 
but the complicated operations of sample drying by freez-
ing or heating, which often inevitably destroy the fungal 
activities limit its usage [25]. Meanwhile, the dried samples 
are easier to spread in the environment, leading to biologi-
cal contamination for health risks. Additionally, the sample 
required for gravimetry is extremely large, causing great 
inconvenience for the prevalence of this method. Thus, this 
study made some improvements to Zhang’s protocol with 
a novel method for the quantification of mycelia. We first 
adopted the ratio of surface area to volume for mycelial and 
conidia quantification, which can be used to quantify other 
types of filamentous fungus. Admittedly, the fungal surface 
with different PAMPs is the first-line structure of Aspergil-
lus to directly contact the host. Hence, the surface area is a 
good parameter to study the immune interaction between 
fungus and host.

Another critical light spot of this study is the success-
ful establishment of in vitro and in vivo immunocompetent 

infection model of mature A. fumigatus hyphae. Innate and 
adaptive responses against Aspergillus conidia and hyphae 
were studied by co-incubating different immune cells and 
Aspergillus in vitro. Unlike most immunocompromised mod-
els, we constructed a murine immunocompetent aspergillosis 
model with hyphal fragments. Meanwhile, RNA-seq analysis 
was first performed to analyse the immune responses against 
respirable mature hyphal fragments in vivo.

In the study, we confirmed that hyphae of A. fumigatus 
could induce stronger host immune responses than conidia, 
as hyphae-stimulated cells secreted more inflammatory 
factors. The immunological differences of cytokine secre-
tions and T cell differentiation in inactivated conidia and 
hyphae were larger than in active ones, probably attributed 
to extended incubation time. In the murine model, we again 
validated that immunologically relevant genes and pathways 
were activated more significantly in hyphae than conidia 
group. Consistently, faster germination of conidia has been 
reported to drive to greater lung damage and inflammation, 
which means stronger invasiveness and lethality of hyphae 
[26]. Meanwhile, germinating conidia could induce stronger 
TNF-α, IL-1, IL-1β, IL-6 and MIP-2 secretion by alveolar 
macrophages, which is correlated to the levels of surface-
exposed beta-glucans via dendritic cell-associated C-type 
lectin-1 (dectin-1) receptor [27].

As for immune cells, macrophages are known to be a 
decisive part of innate immunity to resist the infection 
from A. fumigatus. Both iNOS and ROS levels are impor-
tant markers of the functions of macrophages, which were 
significantly higher in conidia-stimulated cells than that in 
hyphae-stimulated cells. iNOS was mainly induced in M1 
macrophages, and nitric oxide produced by iNOS would be 
scavenged to generate ROS, leading to extra ROS production 
[28]. Macrophage polarisation is an essential symbol to dis-
tinguish its functions. M1 macrophages are generally found 
to be polarised by lipopolysaccharide- or Th1-associated 
cytokines [29]. As feedback, M1 macrophages can direct 
T cells towards Th1 through IL-12 and antigen presenta-
tion. Subsequent flow cytometry analysis indicated that the 
conidia-stimulated PBMCs expressed higher levels of IFN-γ 
(Th1 signalling), which was consistent with the macrophage 
polarisation state.

T lymphocytes are an indispensable part of adaptive 
immunity. Regarding T cell subset change, the percentage 
of  CD8+ T cells tended to get down after hyphal stimulation, 
which usually indicated a poor prognosis in IPA patients 
[30]. Therefore, we speculate that the decrease of  CD8+ T 
cell proportion in severe IPA patients is likely to be owing 
to the overgrowth of invasive hyphae at the late stage of 
infection, which can hardly be eliminated by cytotoxic 
 CD8+ T cells. Concerning  CD4+ T cells, cell differentiation 
clearly reflected its functions. Th1 signalling drives to fight 
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viruses, bacteria and other intracellular infections, such as 
A. fumigatus conidia while Th2 signalling drives to defend 
extracellular organisms. Th1/Th2 is in a dynamic balance, 
and over-activation of either pathway can down-regulate the 
other [31]. Besides, Th17 also plays an important role in 
host defence against micro-organisms, which is associated 
with neutrophil migration and increased inflammation [32]. 
However, there are contradictions and unities in the in vitro 
and in vivo experimental results. In the murine model, 
the expression of Th1 and Th2 cell differentiation-related 
genes were not significantly altered after inoculation of 
conidia, which was inconsistent with the result of an experi-
ment in vitro. We speculate that the phenomenon might be 
ascribed to the effective anatomical elimination of conidia in 
an immunocompetent host. Only a small portion of escaped 
conidia can challenge the subsequent immune system [16, 
33]. Besides, Th1 and Th17 cells showed antagonistic action 
against each other and activation of IL-17 signalling would 
suppress Th1 cell differentiation [34]. Overall, it concludes 
that conidia stimulation promotes Th1 cell differentiation, 
while hyphal stimulation leads to the opposite result and 
activates Th2 cell differentiation. Furthermore, both conidia 
and hyphae could activate the IL-17 signalling pathway, 
which may make a dual-directional regulation related to 
antifungal immune resistance [16].

It is a sophisticated orchestration for innate and adaptive 
immunity to protect from fungal invasion. The host immune 
responses induced by A. fumigatus conidia and hyphae are 
distinctly different, mainly attributed to the different PAMPs 
on the surface of hyphae and conidia. Various PAMPs can 
be recognised by specific PRRs of immunocytes, activating 
downstream intracellular signal transduction pathways and 
different inflammatory responses [15]. For instance, hyphae 
and conidia of A. fumigatus can activate TLR2-related 
cytokine synthesis, but TLR4-related pathways can only 
be induced by conidia [35]. Additionally, both dectin-1 and 
dectin-2 receptors can recognise swollen conidia and hyphae 
to induce host immune responses, but neither can recog-
nise resting conidia [36, 37]. Besides, hyphae can trigger 
the NLR pyrin domain-containing 3 inflammasome assem-
bly, which cannot be effectively activated by resting conidia 
[38]. As for the explanation of the initial phenomenon in the 
study, it is a paradox that hyphal fragments successfully con-
structed the aspergillosis model rather than conidia despite 
that those hyphae induced more potent inflammation. In 
other words, the host immune responses induced by conidia 
played a better protective role. As reported, various effective 
ways were reported to eliminate conidia by host immunity, 
from anatomical barriers to the synergistic action of mul-
tiple immune cells. However, the hyphae are too large to 
get internalised and can hardly be cleared. Even neutrophil 
extracellular traps (NETs), an effective form of neutrophil-
mediated antimicrobial defence, can mostly inhibit hyphal 

growth instead of killing them [16, 39]. Moreover, hyphal 
invasion tends to activate Th2 cell differentiation, which is 
known for its suppressive function in immunity and usually 
leads to unfavourable outcomes [40].

However, there are still some limitations of the study. 
Firstly, the live conidia would be swelling and germinat-
ing during the 6 h incubation with tremendous changes in 
PAMPs. However, if the incubation time was cut down, the 
immune responses against fungus would become indistinct 
or non-significant. For compensation, Aspergillus conidia 
and hyphae were inactivated to stop the growth, and the 
incubation time was extended to 24 h to explore the cumula-
tive immune effects. However, the inactivated fungus could 
only keep partial immune characteristics from the live ones. 
The second limitation is the time point of lung tissue har-
vest for RNA-seq analysis in the murine model. In fact, 24 h 
post-inoculation was chosen based on Wang’s work that the 
early immune cells infiltration and differentiation in the 
bronchi and lung tissues can be clearly scanned 24 h after 
fungal inoculation intratracheally [41]. However, a single 
time point is insufficient to elucidate the progressive pro-
cess of the early immune response against Aspergillus and 
setting more time points can make the study protocol more 
logical and convictive. Thirdly, the study did not include 
the comparison of neutrophils defending against Aspergil-
lus conidia and hyphae. Germinating rather than resting 
conidia has been reported could recruit neutrophils to the 
airways [42]. Meanwhile, two distinct neutrophil-mediated 
killing mechanisms of A. fumigatus conidia and hyphae were 
characterised depending on CR3 binding or IgG binding, 
respectively [43]. However, the function and mechanism 
of NETs against Aspergillus need more study, and NETs-
related Aspergillus capture experiments will be carried out 
in subsequent studies.

Conclusion

To summarise, the hyphae state is a neglected pathogenetic 
form of aspergillosis. We conducted a preliminary study 
about immune response against hyphae in vivo and in vitro 
and confirmed the different host defence against hyphae and 
conidia. However, the underlying mechanism of the immu-
nological differences remains unclear and future research 
is needed.
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