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ABSTRACT
Our immune system possesses sophisticated mechanisms to cope with invading microorganisms, 
while pathogens evolve strategies to deal with threats imposed by host immunity. Human plasma 
protein α1-antitrypsin (AAT) exhibits pleiotropic immune-modulating properties by both prevent-
ing immunopathology and improving antimicrobial host defence. Genetic associations suggested 
a role for AAT in candidemia, the most frequent fungal blood stream infection in intensive care 
units, yet little is known about how AAT influences interactions between Candida albicans and the 
immune system. Here, we show that AAT differentially impacts fungal killing by innate phago-
cytes. We observed that AAT induces fungal transcriptional reprogramming, associated with cell 
wall remodelling and downregulation of filamentation repressors. At low concentrations, the cell- 
wall remodelling induced by AAT increased immunogenic β-glucan exposure and consequently 
improved fungal clearance by monocytes. Contrastingly, higher AAT concentrations led to exces-
sive C. albicans filamentation and thus promoted fungal immune escape from monocytes and 
macrophages. This underscores that fungal adaptations to the host protein AAT can differentially 
define the outcome of encounters with innate immune cells, either contributing to improved 
immune recognition or fungal immune escape.
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Introduction

Infections caused by the yeast Candida albicans are among 
the primary opportunistic fungal nosocomial infections 
[1,2]. Systemic candidiasis, characterized by dissemination 
of fungi to vital organs, results in a mortality of approxi-
mately 200,000 deaths annually worldwide [3].

Protective host defence against C. albicans is 
mainly mediated by efficient fungal clearance by 
neutrophils, monocytes and macrophages, whereas 
the fungus employs a variety of pathogenicity 
mechanisms to counteract these processes [4]. In 
case of C. albicans this includes the switch to fila-
mentous growth, facilitating fungal invasion of host 
tissues and complicating successful phagocytosis by 

innate immune cells [5,6]. Integration of host envir-
onmental signals can induce fungal adaptations with 
a strong impact on fungus–host interactions driving 
immune evasion and escape [7].

α1-antitrypsin (AAT) is a potent immunomodula-
tory acute phase protein, whose plasma concentration 
increases during infection [8]. AAT inhibits serine pro-
teases relevant to the immune system such as elastase 
and proteinase-3 [9,10], while also exhibiting immuno-
modulatory effects independent from its protease inhi-
bitory activity [11]. Clinically, AAT is used for 
supplementation in deficient patients [12], and also is 
explored as an immunomodulatory treatment for graft 
versus host disease [13,14].
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Previous studies suggest a potential role for this 
protein during C. albicans infection: genetic variation 
in the SERPINA1 gene encoding AAT, has been
associated with susceptibility to candidemia [15] and 
SERPINA1 expression is significantly upregulated in 
peripheral blood mononuclear cells (PBMCs) in 
response to C. albicans [15,16].

While the pleiotropic immunomodulatory effects of 
AAT have been well characterized, its role in host– 
pathogen interactions with C. albicans remains unre-
solved. In the present study, we investigated how AAT 
impacts host–pathogen interactions by assessing its 
effect on the function of various innate immune cells 
(neutrophils, monocytes, and macrophages) after sti-
mulation with C. albicans.

Methods

Study approval

All experiments with human blood samples were per-
formed and conducted in accordance with good clinical 
practices, the Declaration of Helsinki, the approval of 
the Arnhem-Nijmegen Ethical Committee (no. 2010/ 
104) and the Jena Institutional Ethics Committee 
(Ethik-Kommission des Universitätsklinikums Jena, 
Permission No 2207–01/08). Blood from volunteers 
was taken after written informed consent was obtained.

PBMC, neutrophil, and CD14 monocyte isolation 
and macrophage differentiation

Human PBMCs were isolated from buffy coats or 
freshly drawn venous blood. Isolation of PBMCs was 
performed by density gradient centrifugation over 
Histopaque-1077 (Sigma Aldrich) in a 50 mL sterile 
tube. Neutrophils were isolated from the erythrocyte/ 
granulocyte fraction using hypotonic lysis in 155 mM 
NH4Cl, 10 mM KHCO3. Afterwards, neutrophils were 
washed twice in PBS and resuspended in RPMI-1640 
media with 2 mM L-glutamine (Thermo Fisher 
Scientific). CD14+ monocytes were isolated from the 
PBMC fraction using magnetic beads and automated 
cell sorting (autoMACs; MiltenyiBiotec). Neutrophils 
and monocytes were seeded at 1 × 105 cells per well, 
respectively, in 96-well plates and used for experiments 
immediately. To differentiate monocytes into human 
monocyte-derived macrophages (hMDMs), 1.7 × 107 

cells were seeded into 175 cm2 cell culture flasks in 
RPMI-1640 media with 2 mM L-glutamine (Thermo 
Fisher Scientific) containing 10% heat-inactivated foetal 
bovine serum (FBS; Bio&SELL) and 50 ng/mL recom-
binant human macrophage-colony-stimulating factor 

(M-CSF; Immunotools, Friesoythe, Germany) for 7 
days with a full medium exchange on day 5. Human 
macrophages were detached from cell culture flasks by 
20 min exposure to 10 mM EDTA and cell scraping 
on day 7 and reseeded at 4 × 104 per well in 96-well 
plates and rested over night before experiments.

Differentiation of mouse bone marrow-derived 
macrophages

Collection of bone-marrow was approved by the local 
ethics committees of the Technical University of 
Munich and Erlangen University clinic. Mouse bone 
marrow of WT, Card9-/- [17] and Gsdmd-/- [18] was 
cultured for 7 days in the presence of 50 ng/mL recom-
binant mouse M-CSF (Peprotech, Cranbury, NJ) with 
a full medium exchange on day 5. BMDMs were 
detached and reseeded as described for human 
macrophages.

C. albicans strains and culture

Wild-type C. albicans strains SC5314 [19], and 
BWP17 Clp30 [20], the non-filamentous mutants 
efg1Δ/Δ/cphΔ/Δ [21] and hgc1Δ/Δ [22], the candida-
lysin deficient mutant ece1Δ/Δ [23], the cell wall 
mutant och1Δ/Δ [24] and an pECE1-GFP strain [23] 
were used. C. albicans strains were grown from gly-
cerol stocks on YPD agar. Single colonies were 
picked and grown in YPD at 30°C overnight while 
shaking at 180 rpm. For the other experiments, yeasts 
were washed in PBS, and density was adjusted to the 
desired inoculum level.

Fungal killing assays

Human neutrophils (105/well), CD14+ monocytes 
(105/well), MDMs (4 × 104/well) or mouse 
BMDMs (4 × 104/well) were seeded in 96-well 
plates. Cells were allowed to engulf and kill live 
C. albicans cells (MOI 1 for neutrophils, monocytes, 
and hMDMs, and MOI 2.5 for BMDMs) for 3 h or 
24 h at 37°C and 5% CO2, respectively. Killing 
assays were performed in RPMI-1640 media with 2 
mM L-glutamine (Thermo Fisher Scientific) in the 
presence or absence of human alpha-1 antitrypsin 
1–1000 µg/mL (AAT, Zemaira, CSL Behring, lyophi-
lized reconstituted in water at 50 mg/mL). Following 
incubation, the well contents were plated on YPD 
agar plates and incubated overnight at 37°C. After 
incubation, C. albicans colony forming units (CFUs) 
were quantified using an automated colony counter 
(ProtoCOL 3; Synbiosis).
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Quantification of fungal escape by macrophage 
lysis

For analysis of macrophage lysis kinetics, we adapted 
a published method [25]. Briefly, 4 × 104 cells/well 
(hMDMs) were seeded in 96-well plates. Macrophages 
were then infected with C. albicans (MOI 1) in the 
presence of 1–1000 µg/mL AAT, and propidium iodide 
(PI; 3.33 µg/ml; Sigma Aldrich) was added to stain 
macrophages that lost membrane integrity. 
Alternatively, 4 × 104 mouse BMDMs were infected 
with C. albicans MOI 2.5 in presence of 0.5 µM 
SytoxGreen (Invitrogen) instead of PI. Infected macro-
phages were incubated at 37°C and 5% CO2 and 
imaged in a Zeiss Cell Discoverer 7 microscope with 
an integrated AxioCam 506 controlled using Zeiss Zen 
software. Four independent fields/well were imaged at 
the optimal interval possible (15–60 min) intervals at 
10× (NA 0.35) magnification for a maximal period of 
24 h using the bright field channel and DsRed or 
SytoxGreen filters. The red and green channel images 
were processed using the FIJI software [26]. After con-
version to binary images, the PI/SytoxGreen-positive 
cells were enumerated using the Particle Analyzer tool 
and macro batch analysis. The average total number of 
macrophages per field of view was determined by lysing 
macrophages using 0.1% Triton-X100 in PBS and 
counting PI or SytoxGreen positive macrophages. By 
normalizing to these values, a percentage of cell death 
over-time could be calculated.

AAT binding to fungal surface

C. albicans was seeded in 8-well ibidi µ-slides at 3 × 104 

CFU/well and grown for 2 h in RPMI. Afterwards, AAT 
was added to a concentration of 1 mg/mL for 
another hour under the same conditions. Cells were 
carefully washed with PBS and fixed 20 min in 4% 
Histofix (Roth). Cells were washed and blocked in 
PBS containing 1% BSA for 30 min RT. The primary 
antibody (unlabelled polyclonal rabbit IgG anti-AAT 
#711079, Invitrogen) was incubated diluted 1:200 over-
night at 4 °C. Cells were washed with PBS, stained for 2 
h at RT with 20 µg/mL goat-anti-rabbit-AlexaFluor647 
(Invitrogen) and washed again. After the last washing 
step, the fixed C. albicans cells were covered with PBS 
and imaged on a Cell discoverer microscope (Zeiss) at 
40× magnification.

For flow cytometry detection, SC5314 yeasts were 
cultured shaking at 37 °C in presence of 1 mg/mL 
AAT for 1 h. Cells were washed with FACS buffer 
(PBS, 2% FCS) and stained with anti-AAT (unlabelled 
polyclonal rabbit IgG, Invitrogen) at 4 °C overnight. 

The next day, cells were washed with FACS buffer and 
stained with goat-anti-rabbit-AlexaFluor647 
(Invitrogen) at 4°C for 20 min. Cells were filtered 
through a 70 µm mesh before acquisition on 
a FACSVerse Cell Analyzer (BD Biosciences, Franklin 
Lakes, NJ). Analysis was performed using FlowJo V10.

C. albicans transcriptional profiling

C. albicans was grown in 6-well plates at 1 × 106 CFU/ 
well in RPMI-1640 medium or medium containing 100 
µg/mL AAT. After 3 h of incubation at 37°C and 5% 
CO2, the supernatant was removed and replaced with 
RNeasy Lysis (RLT) buffer (Qiagen), containing 1% β- 
mercaptoethanol (Roth). The cells were detached using 
a cell scraper and snap-frozen in liquid nitrogen. 
Samples were thawed on ice and centrifuged for 10 
min (20,000 × g, 4°C). The supernatant was discarded, 
and fungal RNA was isolated from the pellet, using the 
freezing-thawing method, as described previously [27]. 
Fungal RNA concentrations were quantified using 
a NanoDrop 1000 Spectrophotometer (Thermo Fisher 
Scientific), and RNA quality was assessed with Agilent 
2100 Bioanalyzer (Agilent Technologies). RNA was 
subsequently converted into Cy5-labelled cRNA (Cy5 
CTP; GE Healthcare, United Kingdom) using 
a QuickAmp labelling kit (Agilent). Samples were co- 
hybridized with a common Cy3-labelled reference 
(RNA from mid-log-phase-grown C. albicans SC5314 
[28]). C. albicans-specific microarrays (ClinEuroDiag) 
were applied as previously described [29]. Two micro-
grams of the Cy3- and Cy5-labelled cRNA were hybri-
dized to the C. albicans arrays overnight at 42°C in DIG 
Easy Hyb solution (Roche). The slides were washed at 
RT using gene expression wash buffer 1 and 2 
(Agilent), acetonitrile, and stabilization and drying 
solution (Agilent) according to the manufacturer’s pro-
tocol. Hybridized slides were scanned with an Axon 
4000B scanner at a 10 µm resolution. Data were 
extracted by GenePix 4.1 software (Axon). Data proces-
sing was performed in R using packages provided by 
Bioconductor 2.26 [30]. The microarray data were pre- 
processed using the limma package [31]. 
“Printtiplowess” normalization was used on each array 
separately to correct for spatial effects or cross- 
hybridization. Array spots corresponding to the same 
gene were summarized using the duplicated correlation 
function of limma. Normalization of the arrays was 
performed using between-array quantile normalization. 
Gene expression was compared between each experi-
mental condition and the common reference using 
limma. Subsequently, expression values were compared 
between non-treated and AAT-treated C. albicans using
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gene-spring (Agilent). Genes with a Benjamini- 
Hochberg corrected p-value <0.05 (FDR) and a log2 
Fold change of > 0.8 or < -0.8 between experimental 
conditions were considered differentially regulated. 
Unsupervised clustering analysis was performed in 
R using the pheatmap package [32], and distances 
were defined using Euclidean distance. Principle com-
ponent analysis was performed using the prcomp func-
tion in R. Heatmaps of selected gene sets were plotted 
using the pheatmap package in R [32]. GO term enrich-
ment of differentially expressed genes was analysed 
using the GO-Term Finder on the Candida genome 
database [33], which uses a hypergeometric distribution 
with Multiple Hypothesis Correction (Bonferroni 
Correction) to calculate p-values.

C. albicans filamentation

C. albicans was seeded in 96-well plates at 1 × 104 cells/ 
well in the presence or absence of 1–1000 µg/mL AAT 
in RPMI-1640 medium after which microscopic ima-
ging of the C. albicans cells was performed. In selected 
experiments, C. albicans was only grown in PBS in the 
presence or absence of 1–1000 µg/mL AAT. For ima-
ging of C. albicans hyphae formation, the plate was 
incubated at 37°C and 5% CO2 in a Zeiss Cell 
Discoverer 7. Microscopic pictures were taken at 
a 10× (filamentation measurements) or 40× (represen-
tative images of WT, efg1Δ/Δ/cphΔ/Δ and hgc1Δ/Δ fila-
mentation) magnification. For the images obtained at 3 
h, hyphae length was quantified using the line tool in 
FIJI software [26]. The percentage of germination was 
quantified in a constant defined area per image and 
classified based on their specific morphology (yeast or 
hyphae). The images were analysed in a blinded 
manner.

Measurement of p-ECE1-GFP expression

From 19 h filamentation assays in PBS the percentage 
of GFP expressing fungi was quantified. GFP-channel 
images were converted to 32 bit in FIJI software [26], 
and using threshold and the particle analyser tool the 
number of positive cells was quantified. The number of 
non-GFP expressing fungi were quantified from 
a merged image of the GFP and brightfield channels.

To measure fluorescence intensity of the p-ECE1- 
GFP strain, GFP-channel images were converted to 32 
bit in FIJI software [26], using the threshold setting 
Over/Under the background was separated from the 
fluorescently stained fungi, using the ROI manager 
and the wand tool, stained fungi were randomly 

selected and intensity was measured. The images were 
analysed in a blinded manner.

Stimulation of cytokine release

Monocytes and macrophages were stimulated in 96- 
well flat bottom plates with either live C. albicans 
yeast in the presence of AAT or C. albicans that had 
been fixed with 4% Histofix (Roth, Karlsruhe, 
Germany) after being exposed to AAT. For the latter 
the 1 × 105 C. albicans cells per well were grown for 3 h 
in presence or absence of AAT, carefully washed in PBS 
and then fixed, after which they were washed again 4 
times, carefully. After 3 h or 24 h at 37°C and 5% CO2 
cells were centrifuged at 300 × g, and supernatants were 
collected and stored at -20°C until cytokine measure-
ments were performed by ELISA according to the 
instructions of R&D Systems ELISA DuoSets for 
human (or mouse) IL-1β and TNF.

Immunofluorescence staining of cell wall molecules

C. albicans was seeded in 8-well ibidi µ-slides at 3 × 104 

CFU/well and grown for 3 h in RPMI or RPMI con-
taining AAT (1 or 10 µg/mL). Subsequently, the fungi 
were fixed for 15 min in Histofix (Roth). Cells were 
stained following an adapted protocol of the previously 
published method for mannan, β-glucan, and chitin 
staining [34]. In brief, cells were washed and blocked 
in PBS containing 1% BSA, after which β-1,3-glucan 
was stained by incubating for 30 min with mouse anti- 
β-1,3-glucan (10 µg/mL; Biosupplies, Bundoora, 
Australia) in PBS with 1% BSA. Subsequently, the 
unbound antibody was removed by washing in PBS 
containing 1% BSA. Bound antibodies directed to β- 
glucan were secondarily stained for 30 min using goat 
anti-mouse Alexa Fluor 488 (5 µg/mL; Invivogen) in 
PBS with 1% BSA. Mannan was stained by incubating 
fungi for 30 min with Concanavalin-A conjugated with 
Alexa Fluor 647 (25 µg/mL; Invitrogen) in PBS. Chitin 
was stained by incubating fungi for 30 min with calco-
fluor white (10 µg/mL, CFW, fluorescent brightener; 
Sigma) in 100 mM TRIS-HCl pH 9.5. For triple stain-
ing, mannan and chitin were stained following β-glucan 
staining using a staining mixture of ConA-647 and 
CFW in 100 mM TRIS-HCl pH 9.5. Stained cells were 
mounted using ProLong™ Gold Antifade Mountant 
(ThermoFisher Scientific). Microscopy pictures were 
taken with a Zeiss observer microscope and attached 
AxioCamMRm3 at 10× and 40× magnification.

To measure fluorescence intensity, colour images 
were converted to 32 bit using the FIJI software [26]. 
By using the threshold setting Over/Under the
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background was separated from the fluorescently 
stained fungi, using the ROI manager and the wand 
tool, stained fungi were randomly selected and inten-
sities were measured. Two independent individuals 
separately assessed the images in a blinded fashion.

Quantification of fungal uptake

3 h co-cultures of human MDMs (4 × 104 cells/well in 
a 96-well plate) and SC5314 (MOI 1) were fixed 20 min 
in 4% Histofix, washed and blocked with 1% BSA in 
PBS for 15 min at 37°C. To mark extracellular fungal 
structures, samples were stained with Concanavalin-A 
conjugated with Alexa Fluor 647 (25 µg/mL) in the 
blocking buffer for 1 h at RT. Cells were washed and 
permeabilized with 0.5% Triton-X in PBS and stained 
with 10 µg/mL Calcofluor white for 45 min at RT to 
mark extra- and intracellular fungal elements. After 
washing, the images were acquired on a Cell 
Discoverer 7 microscope (Zeiss). All fungi with 
a ConA+ mother cell were considered extracellular, all 
fungi with CFW+/ConA− mother cells intracellular. 
These events were quantified manually with Fiji’s cell 
counter plugin in a blinded manner. A ratio was calcu-
lated via dividing intracellular by extracellular events.

CD14+ monocytes (105/well) were allowed to engulf 
FITC-labelled C. albicans for 2 h in the presence or 
absence of 10 µg/mL AAT. Subsequently, the fluores-
cence signal of extracellular non-phagocytosed 
C. albicans cells was quenched using trypan blue, as 
previously described [35]. The monocytes that phago-
cytosed one or more quantified based on their positiv-
ity for the FITC signal were quantified on a Beckman 
Coulter CytoFlex.

Fungal killing in the presence of β-1,3-glucan 
masking

CD14+ monocytes (105/well) were seeded in 96-well 
plates and were allowed to engulf and kill live 
C. albicans cells (MOI 1) for 24 h at 37°C and 5% 
CO2. The C. albicans was either prepared with 
a control IgG or mouse anti-β-1,3-glucan (10 µg/mL; 
Biosupplies, Bundoora, Australia). Killing assays were 
performed in RPMI-1640 media with 2 mM 
L-glutamine (Thermo Fisher Scientific) in the presence 
or absence of human alpha-1 antitrypsin (0, 1, or 10 µg/ 
mL; Zemira, CSL Behring). Following incubation, the 
well contents were plated on YPD agar plates and 
incubated overnight at 37°C. After incubation, 
C. albicans colony forming units (CFUs) were quanti-
fied using an automated colony counter (ProtoCOL 3; 
Synbiosis).

Statistical analysis

Data are presented in bars as mean ± standard error 
of the mean (SEM) or scatterplots representing indi-
vidual data points. Statistical tests used are detailed 
in the figure legends. p < 0.05 = *, p < 0.01 = **, and 
p < 0.001 = ***. Apart from gene expression and 
flowcytometry data, all data were analysed using 
Graphpad Prism v 9.

Results

AAT differentially impacts C. albicans clearance by 
mononuclear phagocytes

Rapid fungal clearance is a prime role of the innate 
immune system during fungal infections [36]. 
Therefore, to characterize the role of AAT, the pro-
tein was supplemented to in vitro fungal killing 
assays. When adding AAT in a physiologically rele-
vant range [37], no effects were observed on fungal 
survival during interactions with neutrophils or 
macrophages at early time points (3 h) (Figure 1 
(a)). However, the capacity of monocytes to control 
C. albicans at this early timepoint was significantly 
diminished with increasing AAT concentrations 
(Figure 1(a)). While investigating long-term (24 h) 
effects, AAT dose-dependently exerted a negative 
impact on fungal killing by neutrophils (Figure 1 
(b)). Similar to neutrophils, during the challenge 
with monocytes and macrophages, a significantly 
increased fungal survival was observed in the pre-
sence of high AAT concentrations after 24 h 
(Figure 1(b)). However, at low AAT concentrations 
fungal elimination by macrophages and particularly 
monocytes improved, a phenomenon that was not 
observed when heat-inactivated AAT was used 
(Figure 1(b)). At high concentrations, heat- 
inactivated AAT showed a trend towards compromis-
ing fungal clearance, yet not to the extent of bioactive 
AAT (Figure 1(b), Figure S1A). This could be attri-
butable to the ability of particularly heat-inactivated 
AAT to serve as a nutrient source and promote 
fungal growth (Figure S1B) .

In macrophages, the immune escape of C. albicans is 
associated with the induction of cell lysis [38–40]. In 
parallel with the increased fungal survival in the pre-
sence of a high AAT concentration (1 mg/mL), an 
increased lysis of macrophages over time was observed 
(Figure 1(c), Figure S2). At the low concentrations of 
AAT (1 or 10 µg/mL), the improved fungal clearance in 
several donors was accompanied by a trend towards 
improved macrophage survival (Figure 1(c), Figures 
S2, S3).
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Figure 1. Serum protein AAT bidirectionally alters fungal killing efficiency in a cell type- and concentration-specific way. (a, b) CFU- 
based killing assays of C. albicans in presence of indicated concentrations of bioactive or heat-inactivated AAT. Live C. albicans 
SC5314 yeasts cells (MOI 1) were incubated with hMDMs (4 × 104/well), neutrophils (1 × 105/well) or monocytes (1 × 105/well) and 
harvested for plating on YPD agar after (a) 3 h or (b) 24 h. Experiments were performed with neutrophils 3 h n = 7, 24 h n = 7; 
macrophages 3 h n = 12, macrophages 24 h n = 10; monocytes 3 h n = 6, 24 h n = 10, and 24 h inactivated AAT n = 9 donors. 
(c) Macrophage cell death quantification over time including representative merged and brightfield images after 24 h of human 
macrophages infected with C. albicans MOI 1 in presence or absence of AAT and PI to visualize cell death events (n = 6 donors). 
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Immune recognition and immune escape are tightly 
connected to changes in fungal cell biology and patho-
genicity mechanisms [5,41]. Thus, we investigated spe-
cific effects of AAT on C. albicans.

AAT binds C. albicans and triggers transcriptional 
responses

A variety of human serum proteins, particularly com-
plement proteins, have been shown to influence 
C. albicans pathogenicity mechanisms and immune 
escape [42–45]. In part, these host proteins interact 
with the fungus through surface binding. We observed 
that AAT also localizes to the surface of C. albicans 
(Figure 2(a,b)). Transcriptional profiling was per-
formed to elucidate how the interaction with AAT 
changes C. albicans biology. C. albicans responded to 
the presence of AAT at the level of gene expression 
(Figure 2(c,d)), with a total of 135 genes differentially 
regulated (50 up-regulated and 85 down-regulated) 
compared to C. albicans grown in medium alone 
(Figure 2(e)). Gene ontology enrichment analysis did 
not reveal specific terms that could point towards 
increased virulence and thereby increased fungal escape 
from phagocytes (Figure 2(f)). However, the enrich-
ment of the term “filamentous growth response in 
response to starvation” among the significantly down-
regulated genes caught our attention.

AAT induces C. albicans filamentation

Initial assessment of the expression of the core- 
filamentation genes [46] did not reveal significant differ-
ences between the absence of AAT (Figure 3(a)). A closer 
look at the individual differentially regulated genes falling 
under the GO-term “filamentous growth response in 
response to starvation” revealed that this involved several 
known negative regulators of filamentation. SET3 [47], as 
well as the filamentation repressor TUP1 [48] and its co- 
repressor TCC1 [49] were significantly downregulated 3 h 
after the fungus interacted with AAT (Figure 3(a)). These 
transcriptional changes were associated with a dose- 
dependent increase of C. albicans filamentation at 3 h in 
the presence of AAT in RPMI medium, yet heat- 
inactivated AAT did not induce filamentation (Figure 3 
(b,c)). Even under non-filamentation inducing conditions 
in PBS, a concentration of 1 mg/mL AAT was sufficient to 
induce filamentation (Figure 3(d,f)). This was associated 

with increased promotor activity of the hyphae-specific 
core filamentation gene ECE1 [46] (Figure 3(e,f)). Under 
the hyphae-inducing condition of growth in RPMI, the 
AAT-mediated increase in filamentation was accompa-
nied by a trend towards increased promotor activity of 
ECE1 (Figure 3(g)), as well as a trend towards increased 
ECE1 mRNA expression (Figure 3(h)). High ECE1 
mRNA expression generally correlates with a strong capa-
city to cause host-cell damage [50]. Nevertheless, it can be 
excluded that increased escape from phagocytes depends 
on the ECE1-encoded toxin candidalysin, as an ece1Δ/Δ 
mutant still showed an improved escape from monocytes 
at physiological (1 mg/mL) AAT concentrations 
(Figure 3(i)).

To assess whether the increased filamentation is 
directly linked to the improved C. albicans killing at low 
AAT concentrations and increased fungal escape at high 
AAT concentrations, two strains impaired in the yeast-to- 
hyphae transition were investigated. The efg1Δ/Δ/cph1Δ/ 
Δ mutant is incapable of forming true hyphae under 
almost all conditions [21,51]. Not only was the efg1Δ/Δ/ 
cph1Δ/Δ mutant unable to better escape monocyte killing 
at high AAT concentrations, the killing was also not 
improved at low AAT concentrations (Figure 3(j)). A 
hgc1Δ/Δ mutant cannot complete the hyphal program, 
yet expresses hyphae-associated genes [22]. Fitting to the 
phenotype of this mutant, a trend towards improved kill-
ing at low AAT concentrations and a trend towards more 
escape at high AAT concentrations was observed in some 
donors (Figure 3(j)).

We subsequently investigated how these transcrip-
tional and morphological fungal adaptations in 
response to AAT could differentially influence fungal 
killing by mononuclear phagocytes.

AAT-induced filamentation facilitates fungal 
immune escape

Filamentous growth is essential for the escape of 
C. albicans from mononuclear phagocytes [38,52–54]. 
This escape relies on several distinct mechanisms linked 
to C. albicans filamentation [6]: candidalysin-mediated 
host cell lysis [38], pyroptosis [25,39,40,55,56], hyphal 
extension [57], and mechanical forces [53,54].

A variety of C. albicans genes have been associated 
with the induction of pyroptosis and escape from macro-
phages [55]. Interestingly, several genes (HOC1, RAD26, 
SEN34, and LST8) were up-regulated in response to AAT

Scale bars equal 100 µm. Significant differences were determined by paired t-test as individual comparisons against the control 
group without AAT (a, b). Or two-way ANOVA (c). Data are displayed as the mean with individual biological replicates and 
significance levels *p < 0.05, **p < 0.01, ***p < 0.001.
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(Figure 4(a)). AAT is a potent inhibitor of the NLRP3 
inflammasome [58]. Yet, 1 mg/mL AAT, enhanced the 
release of IL-1β, the hallmark cytokine for macrophage 
pyroptosis, by human macrophages after 24 h of exposure 
to live C. albicans (Figure 4(b)). To mechanistically unra-
vel if pyroptosis is a contributing factor to AAT-driven 
fungal escape, we differentiated BMDMs from WT and 

Gsdmd-/- mice, which are deficient in undergoing classi-
cal pyroptosis [18,59]. We exposed those BMDMs to live 
C. albicans in the presence or absence of 1 mg/mL AAT 
and closely monitored their cell death kinetics by live cell 
imaging (Figure 4(c,d)). As pyroptosis can be a rather 
early event [25], we focused on the first 6 h of the 
interaction. Similar to human MDMs, the presence of 1

Figure 2. AAT binds to C. albicans and induces fungal transcriptional responses. (a) Representative immunofluorescence images of 
AAT on the surface of C. albicans. Data are representative for 3 biologically different fungal cultures. Scale bars equal 50 µm. 
(b) Overlaid flow cytometry histograms for AAT binding on fungal surface, n = 1. (C-F) Microarray data of C. albicans SC5314 treated 
with or without 100 µg/mL AAT at 3 h. (c) Heatmap of mRNA expression of C. albicans grown for 3 h in RPMI medium with or 
without 100 µg/mL AAT (n = 4) compared to a reference control of mid-log-phase YPD-grown C. albicans. Rows and columns are 
sorted by unsupervised hierarchal clustering using Euclidian distance. (d) Principal component analysis of global gene expression of 
C. albicans grown for 3 h in RPMI medium with or without 100 µg/mL AAT (n = 4) compared to the reference control (e) volcano plot 
of the Log2 fold change in gene expression between C. albicans grown for 3 h in RPMI medium with or without 100 µg/mL AAT. 
(f) GO-term enrichment analysis of differentially regulated genes (Log2 fold change > 0.8 or < -0.8 and p < 0.05) analyzed with the 
GO-term finder on the Candida Genome Database website.
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mg/mL AAT facilitated fungal escape by macrophage 
death in WT BMDMs, while in Gsdmd-/- BMDMs, addi-
tion of 1 mg/mL AAT did not change early death kinetics 
(Figure 4(c,d)). Similarly, the presence of 1 mg/mL AAT 
could not accelerate early macrophage death by 
C. albicans in Card9-/- BMDMs, substantiating active 
engagement of programmed cell death in BMDMs after 
AAT-boosted fungal recognition (Figure 4(c,d)). The high 
dose of AAT still significantly improved fungal survival in 
co-cultures with Gsdmd-/- and Card9-/- BMDMs, how-
ever with a, though not significantly different, lower effi-
cacy compared to the WT (Figure 4(e,f)).

AAT improves C. albicans recognition by inducing 
fungal cell wall remodeling

The fungal cell wall is the central immunogenic inter-
face presented to innate immune cells and is under-
going drastic architectural changes during the 
C. albicans yeast-to-hyphae transition. This is accom-
panied by a recomposed exposure of pathogen- 
associated molecular patterns (PAMPs) [60], differen-
tially affecting the recognition and killing of fungi by 
monocytes and macrophages [61]. Therefore, we exam-
ined the impact of AAT on PAMP exposure to under-
stand, how low concentrations of AAT filamentation- 
dependently lead to improved C. albicans clearance. 
The transcriptional response of C. albicans to AAT 
indeed involved changes in genes that could suggest 
cell-wall remodelling (Figure 5(a)). The MAP kinase 
gene MKC1 that regulates cell wall structure [62] was 
downregulated. Changes in the expression of the puta-
tive mannosyltransferase gene MNN15 and the phos-
phomannomutase gene PMM1 suggest changes in cell 
wall mannans. Further, increased expression of 
orf19.640 encoding an integral membrane protein reg-
ulating β-glucan synthesis and a homolog to the 
Saccharomyces cerevisiae β-glucan synthesis gene 
ScKEG1 [63] could suggest changes in β-glucan levels. 
To validate this, we assessed the exposure of cell wall 

mannan, β-1,3-glucan, as well as total chitin in 
response to the two AAT concentrations associated 
with improved fungal clearance (1 µg/mL and 10 µg/ 
mL). While total chitin was not significantly altered by 
AAT, we observed a significant decrease of cell wall 
mannan at 10 µg/mL AAT. Mannan is a cell wall 
polysaccharide that can activate monocytes [61], but is 
also associated with structural masking of other immu-
nogenic PAMPs such as the prototypic immune stimu-
latory fungal cell wall glycan β-1,3-glucan [61, 64] 
(Figure 5(b,c)). In line with the increased expression 
of orf19.640 and decreased mannan levels, β-1,3-glucan 
exposure was significantly increased by both concentra-
tions of AAT, though not by heat-inactivated AAT 
(Figure 5(b,c)). β-glucan is bound by several host recep-
tors and is a key molecule to activate antifungal 
immune responses including cytokine release, phago-
cytosis and ROS production [65]. This led us to 
hypothesize that AAT alters fungal immunogenicity 
and increases recognition by driving β-glucan exposure. 
To verify this, we grew C. albicans in the presence or 
absence of AAT, fixed the fungus after removing AAT 
and exposed primary human monocytes to the inacti-
vated pathogen. Interestingly, we observed an elevated 
IL-1β concentration in the supernatants of monocytes 
encountering the AAT-exposed fungus (Figure 5(d)), 
and monocytes showed an increased uptake of AAT- 
exposed C. albicans (Figure 5(e)). Similarly, human 
MDMs showed a trend to increased TNF release early 
after 3 h with live C. albicans, when low concentrations 
of AAT were present (Figure 5(f)), even though AAT is 
considered an inhibitor of the TNF releasing enzyme 
ADAM17 [8]. At the same time, MDMs displayed 
increased fungal uptake in the presence of low 
levels of AAT (Figure 5(g)). Connecting the recognition 
of β-glucan by its main receptor DECTIN-1 with the 
activation of NF-κB relies on the adaptor molecule 
CARD9 [66]. Adding AAT to WT and Card9-/- 
BMDM stimulated with C. albicans revealed that low 
AAT concentrations increased the dependency on

RPMI in the presence of increasing concentrations of AAT scale bars equal 50 µm. (c) Measurements of filamentation induction by 
increasing concentrations of AAT. Quantification of germination rate (number of hyphae/all fungal cells in view, displayed as mean + 
SEM; left) and hyphal length (right), displayed as mean (line) of medians of experiments (black dot) and single hyphae measure-
ments (red/blue dots) after 3 h of culture at 37°C, 5% CO2. (d) Hyphal length of C. albicans, (e) quantification and (f) representative 
images of Ece1-GFP+ cells in PBS and the indicated AAT concentrations after 19 h at 37°C, 5% CO2. Scale bars equal 20 µm. (G) Mean 
fluorescence intensity of p-Ece1-GFP strain determined by microscopy after 3 h incubation in RPMI and indicated AAT concentrations 
at 37°C, 5% CO2. (h) C. albicans ECE1 gene expression in the presence or absence of AAT (100 µg/mL; n = 4). (i) C. albicans ece1Δ/Δ 
killing by monocytes (n = 8 donors) in the presence or absence of AAT for 24 h quantified by remaining viable CFU. 
(j) Representative images WT (BWP17 Clp30), hgc1Δ/Δ and efg1/cphΔ/Δ morphology after 3 h growth in RPMI at 37°C, 5% CO2. 

scale bar equals 20 µm. C. albicans WT (n = 9 donors), hgc1Δ/Δ (n = 6 donors), or efg1/cphΔ/Δ (n = 9 donors) killing by monocytes in 
the presence or absence of AAT for 24 h quantified by remaining viable CFU. Significant differences were determined by paired 
t-test, as individual comparisons against the control group without AAT. If not mentioned otherwise, data are displayed as the mean 
with individual biological replicates and significance levels *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. High AAT concentration facilitates C. albicans driven early induction of pyroptosis via CARD9 and GSDMD. (a) Heatmap of 
the Log2FC expression value of genes previously identified to be essential for pyroptosis [55] compared to the reference control of 
mid-log-phase YPD-grown C. albicans. FDR calculated between the expression relative to the reference control in C. albicans grown 
for 3 h in RPMI medium with or without 100 µg/mL AAT. (b) IL-1β release by MDMs (n = 4 donors) exposed to C. albicans for 24 h in 
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CARD9 to release TNF (Figure 5(h)), supporting the 
idea of increased β-glucan-DECTIN-1 engagement in 
presence of AAT. To link the increased β-glucan expo-
sure on the C. albicans surface with improved fungal 
clearance, the och1Δ/Δ mutant, which lacks an α-(1,6)- 
mannosyltransferase required to initiate the N-mannan 
structure that masks β-glucan [67] was used. In con-
trast to WT (Figure 1(b)), low AAT concentrations did 
not enhance the killing of och1Δ/Δ by monocytes 
(Figure 5(i)). Similarly, low AAT concentrations were 
unable to augment fungal killing by monocytes, when 
β-glucan was artificially masked by using an anti-β- 
glucan antibody (Figure 5(j)).

Discussion

Here, we systematically investigated the impact of the 
pleiotropic immune modulator AAT in C. albicans 
host–pathogen interactions. We show that AAT binds 
to C. albicans and promotes its filamentation, thereby 
affecting the outcome of interactions with innate 
immune cells.

Upon exposure to AAT, C. albicans undergoes tran-
scriptional reprogramming involving downregulation 
of the filamentous growth repressors SET3, TUP1 [48] 
and TCC1 [49]. This correlated with hyphae-driven 
escape from phagocytes, as fungal escape was not facili-
tated by a high dose of AAT in the yeast-locked mutant 
efg1Δ/Δ/cph1Δ/Δ. A hgc1Δ/Δ mutant, unable to pro-
gress filamentation [22], interestingly showed non- 
significant trends towards improved killing at low 
AAT concentrations and more escape at high AAT 
concentrations. Consequently, C. albicans filamentation 
seems key for the differential effects of AAT on fungal 
killing. The role of filamentation in escape from clear-
ance by phagocytes has particularly been well charac-
terized in macrophages [reviewed in 6]. Candidalysin is 
a major driver of fungal escape from macrophages [38– 
40]. Associated with the increased filamentation, we 
indeed observed a modest trend for increased expres-
sion of the candidalysin encoding gene ECE1 in the 
presence of AAT. However, an ece1Δ/Δ strain still 
strongly benefitted from high AAT concentrations to 

escape monocytes, which disqualified candidalysin as 
the central factor for AAT-fuelled fungal escape.

When using heat-inactivated AAT it was evident 
that this could also foster fungal survival to some 
extent, but not to the magnitude of bioactive AAT. 
This may be attributed to the fact that high amounts 
of protein (either inactivated or bioactive) serve as 
a source of nutrients that enhances C. albicans growth. 
Nevertheless, the induction of filamentation was pre-
dominantly observed with bioactive AAT, while the 
growth benefit was higher with denatured protein. 
The result of the improved fungal survival may thus 
be the sum of increased filamentation, specific to bioac-
tive AAT, and an increased fungal growth induced by 
the presence of either active or inactive protein.

Several C. albicans genes associated with pyroptosis 
and escape [55] were induced in response to AAT. 
Further, increased IL-1β release was observed with 1 
mg/ml AAT, even though AAT is known to interfere 
with inflammasome activation [58]. The fungal cell wall 
remodelling in response to AAT also could have con-
tributed to pyroptosis induction [68]. Deletion mutants 
of PMM1, one of the cell-wall remodelling genes up- 
regulated in response to AAT, are less capable of escap-
ing macrophages [68]. The idea that active recognition 
of an AAT-remodelled cell wall promotes pyroptosis is 
supported by our observation that Card9-/- like 
Gsdmd-/- BMDMs are immune to early cell death 
enhancement in the presence of 1 mg/ml AAT. The 
signalling axis of β-glucan, DECTIN-1, SYK and 
CARD9 is a central pillar of inflammasome activation, 
as well as the release of inflammasome/pyroptosis- 
associated IL-1β and IL-18 in fungal infection and 
beyond [69–73]. In line with this, C. albicans mutants 
with defective β-glucan exposure cannot induce pyrop-
tosis [25], although increased β-glucan exposure alone 
is insufficient to induce pyroptosis [56]. However, 
Card9-/- and Gsdmd-/- BMDMs displayed a partial 
rescue in the presence of 1 mg/ml AAT, especially 
when comparing fungal survival at later stages with 
WT BMDMs. Thus, the increased fungal escape at 
high concentrations of AAT can partially be explained
early induction of pyroptosis in macrophages. 

the presence or absence of 1 mg/mL AAT. (c) Representative images and (d) quantification of live cell imaging of C. albicans-infected 
WT, Card9-/- and Gsdmd-/- BMDMs ±1 mg/mL AAT in the presence of Sytox Green to visualize cell death events, MOI 2.5. (e) Fungal 
survival after 24 h incubation with WT, Card9-/- and Gsdmd-/- BMDMs ±1 mg/mL AAT, determined by CFU plating, MOI 2.5. 
(f) Corresponding ratio of fungal survival between ±1 mg/mL AAT for the individual genotypes to visualize relative increase of fungal 
burden by AAT in those. Significant differences were determined by (b, e) paired t-test or (f) unpaired t-test, as individual 
comparisons against the control group without AAT. Data are displayed as the mean with individual biological replicates, except 
for (d), where RM two-way ANOVA was applied and the means + SEM of 4–6 biologically different cultures per group are displayed. 
Significance levels *p < 0.05, **p < 0.01, ***p < 0.001.
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However, the absence of a full recovery suggests addi-
tional fungal escape strategies beyond induction of pyr-
optosis that are supported by high doses of AAT. 
Particularly, longer growing hyphae pose direct pro-
blems for phagocytes. Hyphae are not efficiently 
engulfed [74], and upon engulfment, macrophages can 
form frustrated phagosomes with reduced microbicidal 
capacity [75]. Further, filamentation delays phagosome 
maturation [64], damages the phagosomal membrane 
[57], and facilitates the escape from phagocytes 
[25,38,52–55]. This underlines the importance of 
C. albicans filamentation for the effects observed in 
the presence of AAT. Yet, the redundancy of candida-
lysin and a moderate role for pyroptosis as escape 
strategy in the presence of AAT, rather propose 
a strong direct role for extending hyphae and the phy-
sical forces wielded by the process of filamentation.

A specific pattern of exposed fungal cell wall mole-
cules may promote the engagement of programmed 
cell death in immune cells, yet the recognition of 
specific PAMPs is also vital to control C. albicans 
[5]. While β-glucan in the C. albicans cell wall is 
widely recognized as an important PAMP that drives 
fungal recognition mediated by DECTIN-1 and 
CARD9 [17,76–78] and complement receptor-3 
[76,79], the cell wall mannans can interfere with the 
recognition of β-glucan [61]. Interestingly, mannan is 
important for recognition of C. albicans by monocytes 
and driving their TNF responses [61]. We observed 
that low dose exposure to AAT decreases mannan and 
increases β-glucan exposure on the C. albicans cell 
wall. These changes were paralleled by differential 
expression of genes involved in cell wall remodelling, 
such as suppression of the MAP kinase MKC1, the 
putative mannosyltransferase gene MNN15, and the 
increased expression of orf19.640 involved in β- 
glucan synthesis. Increased β-glucan exposure was 
associated with an impaired early clearance by mono-
cytes. However, at a later stage, both monocytes and 
macrophages seemed to benefit from increased β- 
glucan exposure, documented by improved fungal 

clearance at low AAT concentrations that were asso-
ciated with accelerated fungal uptake and increased 
CARD9-dependent cytokine release. In line with this, 
antibody-mediated β-glucan masking neutralized the 
improved killing in the presence of AAT. Finally, 
AAT exhibited no beneficial effects on the killing of 
the C. albicans och1Δ/Δ mutant, which constitutively 
exposes β-glucan [50,67]. This underscores that the 
augmented fungal killing at low AAT concentrations 
is mediated through transcriptionally regulated fungal 
cell wall remodelling and thereby improved immune 
recognition.

It is intriguing how a serum protein can impact the 
outcome of C. albicans-phagocyte interactions by indu-
cing fungal adaptations. Opportunistic pathogens such as 
C. albicans specialize to efficiently attune to their envir-
onment. These microbes not merely adapt to environ-
mental stressors, but also sense environmental cues to 
prepare for upcoming threats, a phenomenon termed 
adaptive prediction [80,81]. Such responses can promote 
immune evasion and infection, but also commensalism 
[7]. Various host-relevant signals such as glucose concen-
trations [82], lactate, hypoxia, and iron limitation [78] 
have been associated with β-glucan masking and immune 
evasion. Besides, C. albicans was observed to alter fila-
mentation in response to the immune mediators IFN, 
PGE2, and IL-17 [83,84], as well as the macrophage- 
derived protein PTMA [85]. Our data suggest that the 
plasma protein AAT is another host factor sensed by 
C. albicans, inducing adaptations that influence 
C. albicans-phagocyte interactions.

Collectively, we propose that at physiological 
serum concentrations, bioactive AAT increases both 
filamentation and growth to an extent that it exceeds 
the capacity of monocytes, macrophages, and neutro-
phils to control C. albicans over longer periods. In 
contrast, lower AAT concentrations, resembling tis-
sue levels, enhanced monocyte and macrophage capa-
city to kill C. albicans as a result of transcriptionally
regulated cell wall remodelling leading to more effi-
cient immune recognition.

merge images at 40× magnification of cell wall stainings of AAT-treated C. albicans after 3 h incubation 37°C, 5% CO2 (green: β-glucan (n = 6), 
blue: chitin (n = 5), red: Mannan (n = 6)). (d-g) immunogenicity assessment of AAT-exposed C. albicans. (d) IL-1β release by human primary 
monocytes, 24 h stimulated with PFA-fixed C. albicans, which was grown ± AAT for 3 h before fixation. (e) Percentage of monocytes that 
engulfed FITC-stained C. albicans 2 hours after exposure in the presence or absence of 10 µg/mL AAT (f) TNF release from human MDMs, 
stimulated with viable C. albicans ± AAT for 3 h. (g) Microscopically determined ratio between intracellular and extracellular hyphae on human 
MDMs after 3 h co-culture ± AAT to quantify differences in fungal uptake by macrophages. (h) ELISA from supernatant of Card9-/- BMDMs co- 
cultured for 24 h with C. albicans (MOI 2.5) ± AAT. Concentrations of Card9-/- were normalized to the mean concentration of the corresponding 
WT group of the same AAT condition and the resulting values subtracted from 100% to provide the proportion of CARD9 dependent cytokine 
release at specific AAT conditions. (i) Killing of the C. albicans och1Δ/Δ deletion mutant (n = 8 donors), or (J) SC5314 in the presence of anti-β- 
glucan or control antibody (n = 6 donors) by monocytes in the presence or absence of AAT for 24 hours quantified by remaining viable CFUs. 
Significant differences were determined by paired t-test as individual comparisons against the control group without AAT. Data are displayed 
as the mean with individual biological replicates. Significance levels *p < 0.05, **p < 0.01, ***p < 0.001.
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