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ABSTRACT Mammalian serum amyloid A (SAA) is a major acute phase protein that
shows a massive increase in plasma concentration during inflammation. In the pres-
ent study, we demonstrate that the expression of mouse SAA1 in serum was in-
creased when infected with Candida albicans, a major human fungal pathogen, in a
systemic infection model. We then set out to investigate the antifungal activity of
SAA proteins against C. albicans. Recombinant human and mouse SAA1 (rhSAA1 and
rmSAA1) were expressed and purified in Escherichia coli. Both rhSAA1 and rmSAA1
exhibited a potent antifungal activity against C. albicans. We further demonstrate
that rhSAA1 binds to the cell surface of C. albicans, disrupts cell membrane integrity,
and induces rapid fungal cell death in C. albicans. Our finding expands the known
functions of SAA1 and provides new insight into host-Candida interactions during
fungal infection.

KEYWORDS Candida albicans, SAA1, serum amyloid A, antifungal activity

Antimicrobial peptides and proteins (AMPs) produced by the human innate immune
system are the first line of defense against bacterial and fungal infections (1). AMPs

have been identified in a range of human bodily fluids, including blood, saliva, urine,
milk, and sweat, and are known to defend against microbial pathogens in correspond-
ing host niches. Candida albicans often exists on the mucosal surface of healthy people
as a harmless commensal organism, but it can cause both superficial and life-
threatening systemic infections when the host immune system is compromised (2).
Several human AMPs, such as the cathelicidin LL-37 and histatin Hst-5, have been
reported as potent antifungal peptides against C. albicans (3–5). However, our under-
standing of AMPs-mediated host-pathogen interactions is still limited.

Serum amyloid A (SAA) proteins represent a conserved and major inflammatory
acute-phase family in humans and most mammals and are thought to have antimicro-
bial activities (6–8). Human SAA1 comprises 122 amino acids and is primarily produced
in the liver by hepatocytes (9). Its concentration in plasma increases by as much as
1,000-fold during inflammation (6). The expression of SAA1 has also been detected in
several epithelial components of extrahepatic tissues, including the breast, kidney,
lung, and gut (10). SAA1 is also closely linked to diseases such as rheumatoid arthritis,
atherosclerosis, and diabetes (11–13). In addition to its roles in cholesterol transport
and lipid metabolism, SAA1 is also involved in the regulation of inflammation and
immunity by promoting the production of proinflammatory cytokines and chemotaxis
of immune cells. These functions are mediated by SAA1 receptors or binding proteins,

Citation Gong J, Wu J, Ikeh M, Tao L, Zhang Y,
Bing J, Nobile CJ, Huang G. 2020. Antifungal
activity of mammalian serum amyloid A1
against Candida albicans. Antimicrob Agents
Chemother 64:e01975-19. https://doi.org/10
.1128/AAC.01975-19.

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Guanghua Huang,
huanggh@im.ac.cn.

Received 29 September 2019
Returned for modification 24 October 2019
Accepted 30 October 2019

Accepted manuscript posted online 4
November 2019
Published

MECHANISMS OF ACTION:
PHYSIOLOGICAL EFFECTS

crossm

January 2020 Volume 64 Issue 1 e01975-19 aac.asm.org 1Antimicrobial Agents and Chemotherapy

20 December 2019

https://orcid.org/0000-0003-0799-6499
https://doi.org/10.1128/AAC.01975-19
https://doi.org/10.1128/AAC.01975-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:huanggh@im.ac.cn
https://crossmark.crossref.org/dialog/?doi=10.1128/AAC.01975-19&domain=pdf&date_stamp=2019-11-4
https://aac.asm.org


such as FPR2 (formyl peptide receptor 2), FPRL1 (formyl peptide receptor like-1), and
TLR2 (Toll-like receptor 2) (14, 15).

Several studies have demonstrated that SAA proteins exhibit potent antibacterial
activity (6–8). Recombinant human SAA1 is able to form ion channels in planar lipid
bilayer membranes at physiologic concentrations, and the recombinant expression of
SAA1 in Escherichia coli causes cell lysis (7). Eckhardt et al. have reported that SAA1
derived from mouse intestinal epithelial cells show strong bactericidal activity against
cocultured E. coli cells (8). SAA1 can also function as an opsonin for macrophages and
neutrophils and modulate their capacity to clear invading bacterial cells (16). Outer
membrane protein A (OmpA) of Gram-negative bacteria is one of the known targets
(17). Moreover, SAA proteins may play roles in defense against fungal infections by
inducing chemotaxis of immune cells. For example, recombinant SAA protein functions
as an activator of polymorphonuclear cells and enhances its anti-Candida activity (18).

In the present study, we report that human and mouse SAA1 proteins have a potent
antifungal activity against C. albicans. Recombinantly expressed human SAA1 (rhSAA1)
binds to the surface of C. albicans cells, impairs the integrity of the fungal cell
membrane, and induces rapid cell death. Our study suggests that SAA1 may act as an
innate antifungal against the common human fungal pathogen C. albicans.

RESULTS
C. albicans induces the expression of mouse SAA1 in serum in a systemic

infection model. SAA1 is a well-known biomarker for acute infections and can be used
as a clinical indicator of infection (6). C. albicans is a major cause of mucosal and
systemic candidiasis and often triggers inflammation (2). We set out to reveal whether
C. albicans infections could induce the elevated expression of SAA1 using a mouse
systemic infection model. As shown in Fig. 1, SDS-PAGE and Western blot analyses were
performed using an anti-mouse SAA1 antibody. Compared to the phosphate-buffered
saline (PBS) treatment controls, three bands with significantly elevated expression
levels (indicated in the boxes) were observed in the serum samples of C. albicans-
infected mice. One band with an enhanced signal was observed in the samples from
lipopolysaccharide (LPS)-treated mice, which served as positive controls. To confirm
that these signals were not due to nonspecific reactions, we performed mass spec-
trometry analysis using proteins in the indicated band regions. Peptides derived from
mouse SAA1 protein were found in the samples from bands 2 and 3 but not from band
1 (see Data Set S1 in the supplemental material), suggesting that the signals from the
band 1 region could be due to nonspecific reactions. Of note, the molecular weights
(MWs) of proteins in band 2 were larger than the predicted MW according to the amino

FIG 1 Expression of mSAA1 in serum samples of mice treated with PBS or LPS or infected with C. albicans cells. (a) Coomassie brilliant
blue-stained SDS-PAGE analysis. (b) Western blot analysis. Lane 1, markers; lanes 2 and 3, serum samples from mice treated with PBS
(negative control); lanes 4 and 5, serum samples from mice infected with C. albicans cells; lanes 6 and 7, serum samples from mice treated
with LPS (positive control). Three band regions (indicated by the red boxes) from the samples of C. albicans-infected mice were excised
and used for nanoLC-MS/MS analysis (see Data Set S1 in the supplemental material for details).
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acid sequences of mouse SAA1. This band might represent a trimeric form of the
protein or might be due to the binding of high-density lipoprotein or heparin (19).
These results indicate that C. albicans cells, like bacteria and viruses, are able to induce
the expression of SAA1 in the mammalian systemic infection model.

Potent anti-Candida effect of recombinant human and mouse SAA1 (rhSAA1
and rmSAA1). Since C. albicans infection induces the elevated expression of SAA1 in
mice, we next recombinantly expressed human and mouse SAA1 in E. coli and exam-
ined the antifungal activity of purified protein against C. albicans. His6-tagged rhSAA1
was purified using a nickel-chelated agarose column (see Fig. S1 in the supplemental
material). To further verify the purity and specificity of rhSAA1 (Fig. S1) and rmSAA1
(data not shown), we performed SDS-PAGE and Western blot analyses with anti-human
SAA1 and anti-mouse SAA1 antibodies. To evaluate the antifungal activity of rhSAA1
and rmSAA1 against C. albicans, purified proteins were tested in both PBS and Lee’s
glucose medium. As shown in Fig. 2 and Fig. S2, rhSAA1 exhibited obvious killing
activity against C. albicans in a temperature- and dosage-dependent manner. It showed
a higher killing effect on C. albicans at 37°C than at 30°C. At 100 mg/liter, approximately
80% of C. albicans cells were killed after 3 h of treatment with rhSAA1 in Lee’s glucose
medium.

Interestingly, at 100 mg/liter, rhSAA1 exhibited potent antifungal activity against C.
albicans azole-resistant strains CAR (G5), 17, and BMW00716 (20, 21). However, the
survival rates of strains 17 and BMW00716 were higher than those of the wild-type and
azole-resistant CAR (G5) strains, especially when treated with of rhSAA1 at 40 mg/liter
(Fig. 3a).

We next examined the antifungal activity of rhSAA1 against several other fungal
species, including Candida dubliniensis, Candida glabrata, Candida parapsilosis, and
Saccharomyces cerevisiae, at 30°C. As shown in Fig. 3b, rhSAA1 only exhibited a killing
effect on cells of C. dubliniensis, a closely related species to C. albicans (22), suggesting
that the antifungal activity of SAA1 is species specific.

Using a similar strategy, we examined the antifungal activity of mouse SAA1 against
C. albicans using recombinant proteins (rmSAA1). As expected, rmSAA1 exhibited a
notable anti-C. albicans activity in a dosage-dependent manner (Fig. S3), although its
killing activity was less potent than that of rhSAA1 (Fig. S3b). These results suggest that
human and mouse SAA1 have a conserved antifungal activity.

FIG 2 Killing of C. albicans cells by rhSAA1 at 30°C. C. albicans cells of strain SC5314 were initially cultured in liquid YPD
medium to logarithmic phase at 30°C, collected, washed, and resuspended in liquid Lee’s glucose medium or PBS for killing
assays. C. albicans cells (2 � 105 cells/ml) were treated with 10 mg/liter (triangles), 40 mg/liter (circles), or 100 mg/liter
(squares) rhSAA1 protein for 1 to 5 h at 30°C in PBS (a) or Lee’s glucose medium (b). The percentages of viable cells were
determined using plating assays. The percentage of viable cells is calculated as follows: (number of colonies of the
rhSAA1-treated sample/average number of colonies of the PBS-treated sample) � 100%. PBS treatment served as a
negative control. Three biological repeats were performed (n � 3). Values are presented as means � the SD.

Antifungal Activity of SAA1 against C. albicans Antimicrobial Agents and Chemotherapy

January 2020 Volume 64 Issue 1 e01975-19 aac.asm.org 3

https://aac.asm.org


rhSAA1 has no effect on the intracellular levels of ROS in C. albicans. Antifun-
gals often kill fungal cells through the increased production of intracellular reactive
oxygen species (ROS) (23). To explore the anti-C. albicans mechanism of rhSAA1, we first
tested whether the treatment of rhSAA1 increased the intracellular levels of ROS in
fungal cells. To our surprise, no obvious fluorescence signals of ROS were detected both
in the rhSAA1-untreated and rhSAA1-treated C. albicans cells, whereas the signal was
strong in cells treated with a commercially available oxidative reagent mixture (used as
a positive control) (Fig. S4). These results suggest that the antifungal activity of rhSAA1
against C. albicans is independent of the production of ROS.

rhSAA1 binds to the cell surface and impairs the membrane integrity of C.
albicans. To uncover its mechanism of antifungal activity, we next treated C. albicans
cells with rhSAA1 and performed immunofluorescence assays to test its subcellular
localization. As demonstrated in Fig. 4a, rhSAA1 had been detected on the surfaces of
both yeast-form and filamentous cells of C. albicans, but not on the surfaces of C.
glabrata and S. cerevisiae cells (Fig. S5). Flow cytometry and microscopy analyses
demonstrated that the treatment of rhSAA1 led to the uptake of the dye propidium
iodide (PI) in C. albicans cells (Fig. 4b and c); amphotericin B treatment served as a
positive control (Fig. 4b and c). PI staining assays demonstrated that the treatment of
rhSAA1 also led to the uptake of the dye and the death of C. albicans filamentous cells
(Fig. S6). These findings suggest that rhSAA1 effects the cell surface and impairs the
integrity of the cell membrane. To validate this hypothesis, we next performed trans-
mission electron microscopy (TEM) assays and observed obvious impairments of the
integrity of the fungal cell membrane in rhSAA1-treated C. albicans cells (Fig. 4d).
However, other cell organelles, such as the nucleus, vacuole, and mitochondria, re-
mained intact. The disruption of cell membrane integrity may cause the leakage of
cellular contents from the cytoplasm and thus result in cell death of C. albicans cells.

DISCUSSION

Host defense peptides and proteins are an integral part of the innate immune
system (1). The limited choice of antifungal drugs and the emergence of resistant

FIG 3 Killing effect of rhSAA1 on the cells of C. albicans antifungal-resistant strains (a) and C. dubliniensis, C. glabrata, C.
parapsilosis, and S. cerevisiae strains (b). Fungal cells were initially cultured in liquid YPD medium to logarithmic phase at
30°C, collected, washed, and resuspended in liquid Lee’s glucose medium for killing assays. Cells (2 � 105 cells/ml) were
treated with 40 or 100 mg/liter rhSAA1 protein for 3 h at 30°C. The percentages of viable cells were determined using
plating assays. PBS treatment served as a negative control. The percentage of viable cells was calculated as follows:
(number of colonies of the rhSAA1-treated sample/average number of colonies of the PBS-treated sample) � 100%. Three
biological repeats were performed (n � 3). Values are presented as means � the SD. (a) C. albicans antifungal-susceptible
strain SN152a (fluconazole-susceptible control) and fluconazole-resistant strains CAR (G5), 17, and BMW00716. Student t
tests (two-tailed) were performed between SN152 and each fluconazole-resistant strain as indicated in the figure. *, P �
0.05; **, P � 0.01; NS, no significant difference. (b) Student t tests (two-tailed) were performed between C. albicans and C.
dubliniensis, C. albicans and C. glabrata, C. albicans and C. parapsilosis, and C. albicans and S. cerevisiae, as indicated in the
figure. **, P � 0.01; NS, no significant difference. No significant difference was observed between the survival rate of the
PBS treatment (100%) and the rhSAA1 treatments in C. glabrata and S. cerevisiae. The survival rates for the rhSAA1
treatments were significantly higher than that for the PBS treatment in C. parapsilosis (P � 0.01).
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strains in the clinic support the medical need to discover and develop alternative
antifungal agents such as AMPs. In the present study, we report the antifungal activity
of recombinant human and mouse SAA1 against C. albicans by targeting the cell
surface membrane.

FIG 4 rhSAA1 binds to the cell surface of C. albicans and causes cell membrane damage. (a) Immunofluorescence staining
assays. Yeast-form and filamentous cells of C. albicans (SC5314) were treated with or without 200 mg/liter rhSAA1. Anti-human
SAA1 antibody and Alexa Fluor 488-conjugated anti-mouse IgG were used for immunofluorescence staining assays. (b)
Fluorescence-activated cell sorting analysis of PI uptake. Yeast-form cells of C. albicans (SC5314, 5 � 106 cells/ml) were treated
with 200 mg/liter rhSAA1 for 30 min or 60 min and stained with the red dye PI. The cells were then subjected to flow cytometry
analysis. The PBS and amphotericin B (AMP B) treatments served as negative and positive controls, respectively. SSC-A, side
scatter area; PI-A, propidium iodide area. The percentages of cells stained with PI are expressed as means � the SD of three
independent experiments. (c) Cellular images of PI staining assays. C. albicans yeast-form cells (5 � 106 cells/ml) were treated
with 200 mg/liter rhSAA1 for 60 min and stained with PI. The PBS and amphotericin B (AMP B) treatments served as negative
and positive controls, respectively. The percentages of stained cells are shown in the corresponding images. (d) TEM assays.
C. albicans cells treated with or without 200 mg/liter rhSAA1 for 3 h were used. The red arrow indicates membrane damage.

Antifungal Activity of SAA1 against C. albicans Antimicrobial Agents and Chemotherapy

January 2020 Volume 64 Issue 1 e01975-19 aac.asm.org 5

https://aac.asm.org


Unlike most membrane-disrupting AMPs that contain a high ratio of hydrophobic
residues, human SAA1 is hydrophilic and negatively charged (pI � 6.3) (24). Crystal
structure analysis indicates that native SAA1 often exists as a hexamer, which may favor
amyloid formation and conformational changes (19). Here, we demonstrate that rhSAA1 is
able to bind to the cell surfaces of C. albicans and its closely related species C. dubliniensis
but not C. glabrata and S. cerevisiae (Fig. 4 and Fig. S5). This result is consistent with the
killing effect on these species. The reasons for this species-specific effect of rhSAA1 on the
killing of C. albicans remain to be investigated. One possibility is that C. albicans and C.
dubliniensis are commensals of humans, whereas the other species are not, and thus SAA1
could represent a newly evolved interaction between C. albicans and its human host that
has recently arisen over evolutionary time. Another possibility is that species-specific cell
wall proteins (or motifs of such proteins, e.g., Als proteins) could be involved in this
interaction. Since the genomes of C. glabrata and S. cerevisiae do not contain ALS genes,
this could explain why there is no effect of rhSAA1 with these species. We further
demonstrate that rhSAA1 causes damage to the fungal cell membrane (Fig. 4) that could
lead to leakage of cellular components and cell death. It has been suggested that SAA1
could be able to form stable oligomers that escape lysosomal degradation and disrupt
cellular membranes (25). Antifungals often induce the generation of high levels of intra-
cellular ROS and thus promote the cell death of fungal pathogens (23). However, we found
that the treatment of rhSAA1 did not increase the intracellular ROS in C. albicans cells (Fig.
S4). It is possible that the binding of the rhSAA1 protein to the fungal surface may alter
fungal cell membrane integrity and affect the overall functionality of the cell membrane.

Plasma proteins have multiple roles in controlling infections. A recent study dem-
onstrated that human plasma protein serum amyloid P component (SAP) was able to
bind to surface amyloid-like structures of C. albicans and resulted in poor recognition
and ingestion of yeast cells by host macrophages (26). Combined with this previous
finding, our study implies that this innate immune protein could play a critical role in
defense against C. albicans infections either through indirect induction of degranula-
tion and phagocytosis or directly by killing the pathogen. During the evolutionary
“arms race,” both C. albicans cells and host cells have developed a range of strategies
to persist and defend against one another. Given the general function of SAA1 in
systemic inflammatory conditions and its broad-spectrum activity against bacteria, it is
reasonable that mammalian SAA1 also has antifungal activity. Our findings uncover a
novel innate defense strategy of the mammalian host against fungal infections and also
provide a potential avenue for the development of new antifungal agents.

MATERIALS AND METHODS
Strains and growth conditions. The strains used in this study are listed in Table S1 in the

supplemental material. YPD medium (2% glucose, 2% peptone, 1% yeast extract) was used for routine
growth of Candida albicans, Candida dubliniensis, Candida glabrata, Saccharomyces cerevisiae, and
Candida parapsilosis strains. YPD plus 10% fetal bovine serum (Gibco, Grand Island, NY) medium was used
for the induction of C. albicans filamentation. Luria-Bertani (LB) medium (1% peptone, 1% NaCl, 0.5%
yeast extract) was used for bacterial growth.

C. albicans systemic infection assay. Cells of C. albicans (SC5314) were cultured in liquid YPD
medium to exponential phase at 30°C, collected, and washed with PBS. C. albicans cells (2.6 � 106) in
200 �l of PBS were intravenously injected into a 6- to 8-week-old female C57BL/6J mouse. Also, 200 �l
of PBS only and 4 �g of LPS (Innaxon, Bristol, UK) in 200 �l of PBS served as the negative and positive
controls for the induction of mouse SAA1 protein. Two mice were used for each treatment. After 24 h of
infection, blood was collected from the eyeballs of mice and used for serum preparation. Equal volume
of each serum sample (40 �l) was analyzed by SDS-PAGE and Western blot assays. Anti-mouse SAA1
antibody (Abcam, Cambridge, UK) and anti-rabbit IgG (secondary anti-body) coupled to horseradish
peroxidase (Santa Cruz, Dallas, TX) were used for Western blot assays.

NanoLC-MS/MS analysis. Protein bands of interest were excised from Coomassie blue-stained
SDS-PAGE gels and subjected to in-gel tryptic digestion. The peptide samples were subjected to an
EASY-nLC 1000 system interfaced via a Nanospray Flex ion source to an Orbitrap Fusion Tribrid mass
spectrometer (Thermo Fisher Scientific, San Jose, CA). Tandem mass spectrometry (MS/MS) data were
analyzed using the Mascot database search engine. Peptide sequences were interpreted from the MS/MS
spectra by searching the Swiss-Prot protein database. Carbamidomethylation of cysteines and methio-
nine oxidation were used as a fixed and a variable modification, respectively. The peptide mass tolerance
was set to 10 ppm, and the fragment mass tolerance to 0.5 Da.
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Recombinant expression and purification of human and mouse SAA1 in E. coli. The coding
region of human SAA1 (hSAA1) without the signal peptide (coding for 19 to 122 amino acids [aa]) was
amplified from a human liver cDNA library (a generous gift from Zhongshan Hospital, Fudan University)
by PCR. The primers were 5=-GGGAATTCCATATGTTCTTTTCGTTCCTTGGCGAG-3= and 5=-CCGCTCGAGTCA
GTATTTCTCAGGCAGGCC-3=. The coding region of mouse SAA1 (mSAA1) without the signal peptide
(coding for 19 to 122 aa) was chemically synthesized by WuXi Qinglan Biotech, Inc., Wuxi, China. The PCR
products of the coding regions of human and mouse SAA1 were then digested with restriction enzymes
NdeI and XhoI and subcloned into plasmid pET28a (4). The expression plasmids pET28-hSAA1 and
pET28-mSAA1 were transformed into E. coli strain Rosetta (DE3).

To induce the expression of human or mouse SAA1 in E. coli, bacterial cells were cultured to an
optical density at 600 nm of 0.5 at 37°C in LB medium containing 50 mg/liter kanamycin and then 1 mM
IPTG (isopropyl-�-D-thiogalactopyranoside; Sangon Biotech, Shanghai, China) was added to the culture.
After 3 h of incubation at 37°C, bacterial cells were harvested by centrifugation at 5,000 � g for 10 min
at 4°C and lysed by sonication. The lysate samples were then spun down at 10,000 � g for 15 min at 4°C,
and the supernatants were subjected to recombinant SAA1 (rSAA1) rSAA1 purification using a His-Bind
purification kit (Millipore, Uppsala, Sweden). The eluted proteins collected at 1 ml per tube were analyzed
by 15% SDS-PAGE analysis and stained with Coomassie brilliant blue. To further assess the specificity of
rSAA1, samples of IPTG-uninduced and IPTG-induced cell lysates and purified rSAA1 were analyzed by
Western blot assays. Anti-human SAA1 monoclonal antibody (Abcam) or mouse-SAA1 polyclonal anti-
body (Abcam, data not shown) were used for hybridization. The purified recombinant SAA1 was dialyzed
with cold PBS, and its concentration was determined using the Bradford method (Bio-Rad, Hercules, CA).

Killing assays of fungal cells. Antifungal activity of rhSAA1 was determined with a CFU assay as
described previously with slight modifications (27). Fungal cells from a single colony were inoculated in
liquid YPD medium and cultured to logarithmic phase at 30°C with shaking. Fungal cells were collected,
washed, and then diluted with Lee’s glucose or PBS to 2 � 105 cells/ml. Cells were then treated with
equal volumes of rhSAA1 at different concentrations and incubated at 30 or 37°C. PBS treatment served
as a negative control. The CFU were determined at the time points indicated. Three biological repeats
were performed for each test. Independent fungal colonies and liquid cultures were used for each
replicate. The percent viable cells was calculated as follows: � (number of colonies of the rhSAA1-treated
sample/average number of colonies of the PBS-treated sample) � 100%. Statistical analyses (Student t
tests) were performed using Microsoft Excel (v.2010).

Intracellular ROS determination. The ROS determination assay was performed with a DCFDA-ROS
detection kit (Beyotime Company, Shanghai, China) according to our previous publication (28). C.
albicans cells (5 � 106 cells/ml; SC5314) were incubated with rhSAA1 at 200 mg/liter for 2 h at 30°C. The
cells were harvested, washed with PBS, and then incubated with the DCFDA probe for 30 min at 37°C in
dark. Cells treated with the ROS inducer (provided in the kit) served as a positive control. The cells were
visualized by fluorescence microscopy (Carl Zeiss Imager A2; Zeiss, Göttingen, Germany).

rhSAA1 binding assays. Binding assays of rhSAA1 to cells of C. albicans were performed according
to previous reports with slight modifications (17). Briefly, fungal cells were grown to logarithmic phase
in liquid medium at 30°C, harvested, and washed with PBS. Cells (5 � 106 cells/ml) were mixed with
200 mg/liter rhSAA1 at room temperature for 2.5 h. The binding assays were performed at this relatively
low temperature to avoid the high killing rate of rhSAA1. Subsequently, cells were washed three times
with PBS and incubated with mouse anti-human SAA1 antibody (Abcam) at 4°C overnight. After a
washing step with PBS, Alexa Fluor 488-conjugated goat anti-mouse IgG (Life Technologies, Delhi, India)
was added to the cells for visualization by confocal scanning laser microscopy (SP8; Leica, Wetzlar,
Germany) or fluorescence microscopy (Carl Zeiss Imager A2) assays.

Propidium iodide staining assay. C. albicans cells (SC5314) were cultured to logarithmic phase in
YPD medium at 30°C with shaking. Yeast-form (5 � 106 cells/ml) and filamentous cells were treated with
200 mg/liter rhSAA1 for 30 or 60 min at 30°C and then stained with PI (10 mg/liter; Sigma, St. Louis, MO)
for 30 min at 4°C in the dark. To disperse aggregated cells, the yeast samples were treated with trypsin
(Solarbio, Beijing, China) for 15 min at 37°C and resuspended in PBS for flow cytometry analysis (BD
FACSCalibur, San Jose, CA). C. albicans cells treated with PBS for 60 min served as a negative control, and
C. albicans cells treated with amphotericin B (10 �M; Sigma) for 20 min served as a positive control. At
least 20,000 events per sample were recorded and analyzed using FlowJo 7.6 software (FlowJo, LLC,
Ashland, NC). Three experimental repeats were performed. The averages and standard deviations (SD) of
the percentages of PI-stained populations are presented. PI uptake in the yeast-from and filamentous C.
albicans cells was also examined using fluorescence microscopy assays (Carl Zeiss Imager A2).

Transmission electron microscopy. C. albicans cells (SC5314) treated with 200 mg/liter rhSAA1 for
3 h in PBS were used for the TEM assay. TEM assays were performed according to our previous report (28).
Briefly, cells were fixed in 0.5% polyoxymethylene and 2.5% glutaraldehyde in a buffer solution (0.2 M
PIPES; pH 6.8), 1 mM MgCl2, 1 mM CaCl2, 0.1 M sorbitol), embedded with 1% agarose, and then washed
five times with cold deionized water. Cells were then stained with 1.5% KMnO4 for 80 min at 4°C and
subjected to dehydration with cold acetone solutions at different concentrations (30, 50, 70, 85, 95, 100,
100, and 100%). C. albicans cells were then infiltrated and embedded in Spurr resin for TEM (JEM-1400;
JEOL, Peabody, MA).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.03 MB.
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