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The P-type calcium pump Spf1 regulates immune response by maintenance of
the endoplasmic reticulum-plasma membrane contacts during Candida albicans
systemic infection
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ABSTRACT

Spfl is an important P-type ATPase in Candida albicans, which functions as an endoplasmic
reticulum calcium pump to maintain calcium homoeostasis. The deficiency of Spfl attenuates
the virulence of C. albicans. However, its impact on immune response remains to be investigated.
This study discovered that deletion of SPF1 resulted in a reduction of endoplasmic reticulum-
plasma membrane contacts, an important structure mediating material and information exchange.
This effect was attributed to the reduced plasma membrane localisation of the crucial endoplasmic
reticulum-plasma membrane tethering proteins Ist2 and Tcb1/3. The reduction of the contacts led
to a decrease in secretion of the virulence factors phospholipase, secreted aspartyl protease (SAP),
candidalysin, and the cell wall-anchored protein Hwp1 during infection. Immunofluorescence
staining and quantitative PCR assays further showed that the SPF1 deletion led to a remarkable
decrease in the levels of pro-inflammatory cytokines, suggesting the alleviation of the fungus-
induced inflammatory response. Ultimately, the regulatory role of Spfl in immune response
significantly weakened the infectivity of C. albicans, and increased the survival rate of the hosts.
This finding elucidated the role of fungal calcium pump-governed endoplasmic reticulum-plasma
membrane contacts in regulation of immune response. It also makes it possible to regulate the
host’s immune response via control of SPF1 expression and functions, providing a theoretical basis
for treating fungal infections.
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1. Introduction

The human body is exposed to a complex environ-
ment, filled with various bacteria, fungi, and viruses
both internally and externally. In this environment, it
is crucial to maintain the stability of bodies, which
requires effective immune responses and surveillance
mechanisms. Candida albicans is a common fungus
found in areas such as the oral cavity, digestive tract,
and reproductive tract (Bai 2014; Talapko et al. 2021;
Hu et al. 2024). Usually, the immune system can con-
trol the number of C. albicans to prevent infection.
However, when the immune system is compromised
or suppressed, the monitoring of fungal growth is
weakened, leading to uncontrolled fungal growth
and life-threatening infection. The mortality rate of
this infection is about 40% in patients with immuno-
deficiency and receiving immunosuppressive therapy
(Richardson and Moyes 2015). When C. albicans

invades human tissue and causes infection, the body
activates immune response. Immune cells such as
neutrophils, monocytes, and macrophages are
attracted and accumulate at the site of infection,
triggering an inflammatory response (Bojang et al.
2021). The cytokines released by immune cells acti-
vate and recruit more immune cells, thereby clearing
C. albicans in the infected area. For example, IL-1f is
a major pro-inflammatory cytokine that can trigger
and amplify inflammatory responses, activating the
recruitment of various immune cells, and promoting
the proliferation and differentiation of T and B cells
(Griffiths et al. 2021). Similarly, IL-4 can stimulate acti-
vated T and B cells, induce macrophages to differenti-
ate into M2-type macrophages, exert anti-
inflammatory and repair functions, promote tissue
repair, and regulate immune responses (Keegan
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et al. 2021). After B cell activation, it can produce
pro-inflammatory cytokines IL-6, TNF-a, or anti-
inflammatory cytokine IL-10, thereby affecting other
immune cells (Harris et al. 2000; Duddy et al. 2004;
Kulkarni et al. 2016). Interferon IFN-y, produced by NK
cells and T cells, can enhance the ability of macro-
phages and neutrophils to kill C. albicans (Trinchieri
and Perussia 1985; Balish et al. 1998). TGF-B1 is an
endogenous balancing factor used to maintain
immune system balance and coordinate complex tis-
sue repair processes, including its inhibitory effects on
T and B cells, after organ damage or infection (Lodyga
and Hinz 2020). In fungal infections, these immune
cells and cytokines indicate that the strength of the
normal immune system’s response to some extent
represents the intensity of the infection, and also
plays an important role in affecting mortality.
Therefore, exploring the regulatory effects of different
drugs and sites of action on the immune response in
the process of C. albicans infection has become an
important research direction for the treatment of
candidiasis.

In eukaryotes, although calcium ion is one of the
crucial second messengers in intracellular signalling
pathways, it must be maintained at low levels in cells
to avoid toxicity. Maintenance of calcium homoeos-
tasis relies on several important intracellular active
transport calcium pumps and transporters (Luna-
Tapia et al. 2019). These include the calcium pump
Spf1 on the endoplasmic reticulum, the calcium
pump Pmr1 on the Golgi apparatus, the calcium trans-
porter Cch1-Mid1 on the cell membrane, the calcium
ion ATPase Pmc1 on the vacuole, the Ca?*/H" exchan-
ger Vcx1, etc. These proteins interact to maintain
stable calcium ion concentrations inside and outside
fungal cells and between organelles (Forster and Kane
2000; Yu et al. 2012a; Jiang et al. 2018). Among these
calcium pumps, the Spf1 protein encoded by the SPF1
gene is very important. Spfl is a P-type ATPase
located on the endoplasmic reticulum of C. albicans,
responsible for maintaining calcium ion transport in
the endoplasmic reticulum. Its absence stimulates
calcium influx and leads to an increase in cellular
calcium concentration (Cronin et al. 2002). Moreover,
Spf1 also plays an important role in the development
of hyphae, and its absence leads to an overall
decrease in the number and length of hyphae under
certain conditions, as well as a weakening of the
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functions of actin at the hyphal tip. Furthermore, the
absence of Spf1 also leads to abnormal vacuole mor-
phology under hyphal induction conditions, which
may also result in defects in hyphal development
(Yu et al. 2019). All these observations indicate the
important physiological role of Spf1 in the growth of
C. albicans.

The endoplasmic reticulum-plasma membrane (ER-
PM) contacts is one of the important cellular struc-
tures. Some endoplasmic reticulum is directly con-
tacted with the plasma membrane through
anchoring functions of tethering proteins such as
Ist2, Tcb1, and Tcb3. This contact mainly functions in
material exchange and information communication
within the cell (Schulz and Creutz 2004; Chang et al.
2017; Wong et al. 2021). More specific studies have
found that the function of this ER-PM contact covers
many aspects, such as ion and lipid transport, signal
transduction, endoplasmic reticulum reshaping,
membrane transport, and regulation of hyphal forma-
tion. These functions are indispensable in the normal
growth and host infection processes of C. albicans (Li
et al. 2021; Yang et al. 2022).

It is known that the endoplasmic reticulum is an
important storage site for calcium ions in cells, and
research has shown that the absorption of calcium
ions by the plasma membrane and the regulation of
calcium ions by the endoplasmic reticulum is not only
related to the direct transport channel calcium pump,
but also to the ER-PM contact (Stefan et al. 2013). For
example, in muscle cells, the contact between the
endoplasmic reticulum and plasma membrane con-
trols the release of calcium ions by interacting with
voltage-gated calcium channels and ryanodine recep-
tors, which is a key process for the excitation and
contraction of muscle cells (Dixon and Trimmer
2023). This indicates the important and stable influ-
ence of ER-PM contacts on calcium ions. Recently, we
found that after Spf1 loss, the infectivity of C. albicans
to the host significantly decreased. However, the reg-
ulatory mechanism of Spfl and its impact on the
host’s immune response during this process are still
unknown. Therefore, in this study, we investigated the
role of Spf1 in the formation of ER-PM contacts, viru-
lence factor secretion, and immune response. This
study may build the connection between the calcium
pump, ER-PM contacts and the immune response of
C. albicans during its systemic infections.
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2. Materials and methods
2.1. Fungal strains and plasmids

The fungal strains and plasmids used in this study
were demonstrated in Table S1 and S2, respectively.
All of the fungal strains were derived from the wild-
type strain BWP17. The mutants were constructed by
PCR-mediated homogenous recombination. The loca-
lisation strains were constructed by transformation of
the corresponding localisation plasmids to the host
strains.

2.2. Plasmid extraction

Plasmid-containing E. coli were streaked on LB solid
medium and incubated at 30 °C for 12 h to obtain
single colonies. A single colony was then picked and
inoculated into a tube containing 3 mL of LB liquid
medium, followed by overnight shaking at 37 °C.
Subsequently, 1 mL of the culture was transferred to
a 1.5 mL centrifuge tube, centrifuged at 12,000 r/min
for 1 min, and the supernatant was discarded to col-
lect the bacterial cells.

To the centrifuge tube, 200 uL of Solution | (1.8 ¢g
glucose, 0.6 g Tris-base, and 0.6 g EDTA dissolved in
200 mL distilled water) and 3 uL RNaseA were added.
The tube was vortexed for 30 s (level 7) to fully
suspend the cells and then incubated on ice for
6 min. Next, 200 uL of Solution Il (88 mL distilled
water, 2mL 10 mol/L NaOH, and 10 mL 10% SDS)
was added, and the tube was inverted 2-3 times
and incubated on ice for 6 min. Following this,
200 pL of Solution Il (29.4 g potassium acetate dis-
solved in 88 mL distilled water with 11.5 mL glacial
acetic acid) was gently inverted 2-3 times and incu-
bated on ice for 6 min.

The tube was then centrifuged at 4 °C at
12,000 r/min for 10 min, and 500 pL of the superna-
tant was transferred to a new 1.5 mL centrifuge tube.
An equal volume of chloroform-isoamyl alcohol (24:1)
was added, vortexed for 1 min (level 9), and centri-
fuged at 4 °C at 12,000 r/min for 10 min. Next, 400 L
of the supernatant was transferred to a new 1.5 mL
centrifuge tube, and twice the volume of anhydrous
ethanol (800pL) was added to precipitate the
DNA. The tube was then placed at —20 °C for 1 h.
Following this, the tube was centrifuged at 4 °C at
12,000 r/min for 10 min, discard the supernatant and
1mL of 75% ethanol was added to wash the DNA.

Finally, the tube was centrifuged at 4 °C at
12,000 r/min for 10 min, discard the supernatant and
the DNA was air-dried at room temperature and
stored at —20 °C.

2.3. Gene transformation

2.3.1. Lithium acetate transformation

Adjust the OD value of the fungal solution to 0.1 and
incubate in 50 mL YPD liquid medium at 160 r/min
and 30 °C for 4 h on a shaker. Subsequently, dissolve
the plasmid in 40 pL sterile water and digest with the
enzyme system for 1-2 h. (The enzyme system con-
sists of 32uL plasmid, 2L Bgrll, 2uL Pstl, and
4 upL 10x H). Centrifuge the fungal solution at
4,200 r/min for 2 min, discard the supernatant, then
add 5 mL TELiAc (4 mL H,0 + 500 pL TE + 500 pL LiAc),
centrifuge at 4,200 r/min for 2 min, discard the super-
natant, and repeat twice. Resuspend the pellet in
300-400 uL TELiAc and aliquot into 1.5 mL EP tubes
(100 pL fungal suspension per tube).

Add 10 yL salmon sperm DNA (SAS) to each EP
tube (previously boiled for 8 min and placed on
ice), add 10-20 uL enzyme-digested plasmid, and
incubate at 30 °C and 60r/min for 30 min. After
incubation, add 700 uL PLATE to each EP tube
(ToouL TE + 100pL LiAc + 800 uL PEG), heat
shock at 42 °C for 1 h, then centrifuge at 5,000 r/min
for 2 min, discard the supernatant, add 1 mL sterile
water for washing, repeat three times, and finally resus-
pend in 300 pL sterile water. Plate 100 uL on SC-His
plates, incubate at 30 °C until single colonies appear,
and perform transformation validation (Walther and
Wendland 2003).

2.3.2. Nucleic acid gel electrophoresis validation

Pick a single colony grown on selective medium into
3 mL SC-His liquid medium and incubate overnight
for 12 h. Centrifuge 1 mL of the fungal culture at
12,000 r/min for 3 min and discard the supernatant.
Add approximately 250 pL glass beads, 500 pL TENTS
buffer, 250 pL chloroform-isoamyl alcohol solution
(chloroform:isoamyl alcohol =24:1), and 250 pL Tris-
saturated phenol. Shake the mixture in a vortex oscil-
lator (level 9) for 10 min to disrupt the fungal cells.
Then, centrifuge at 12,000 r/min at 4 °C for 10 min,
transfer 400 pL of the supernatant to a new 1.5mL
centrifuge tube, add 1 mL anhydrous ethanol, mix
well, and incubate at —20 °C for 40 min for ethanol



precipitation. Centrifuge under the same conditions,
discard the supernatant, add 250 uL RNA digestion
enzyme, incubate for 20 min, then add 70 pL 3 mol/L
sodium acetate and 500 pL anhydrous ethanol, and
incubate at —20 °C for 30 min for ethanol precipita-
tion. Centrifuge under the same conditions, discard
the supernatant, add 500 pL 75% ethanol for washing,
centrifuge again, and resuspend the precipitate in
30-40 uyL deionised water to obtain the geno-
mic DNA.

Prepare the PCR system: forward primer
(10 umol/L) 1 L, reverse primer (10 pumol/L) 1 pL,
Template DNA 2pulL, PCR Mix (2x) 12.5yL,
ddH,0 8.5 L. After PCR, agarose gel electrophor-
esis is performed to observe if the genomic DNA
shows the same bands as the plasmid.

2.3.3. Fluorescence validation

Pick a single colony grown on selective medium into
3 mL SC-His liquid medium and incubate overnight
for 12 h. Take a small amount of the fungal culture to
observe under a fluorescence microscope to check for
the presence of red fluorescence.

2.4. Flow cytometry

2.4.1. Preparation of single-cell suspension

Take WT, spfi-/-, and SPF1C-infected mouse kidneys
after three days. Wash the kidney with PBS and use
scissors to cut the tissues into 2-3 pieces. Transfer the
tissue to HBSS medium containing 2 mmol/L EDTA
and shake at 37 °C for 8 min. Subsequently, wash
and chop the tissue pieces into smaller fragments,
transfer them to a digestion medium, and culture at
37 °C with shaking at 150 r/min for 40 min. Wash the
digested tissue with PBS and filter through a 200-
mesh sieve. Centrifuge at 1,700 r/min for 3 min and
wash with PBS again. Resuspend the pellet in 1 mL
PBS to obtain a single-cell suspension (Li et al. 2022).

2.4.2. Perform immunofluorescence staining and
flow cytometry analysis

Control group: Mouse kidney single-cell suspension
without fungal, no antibodies; Mouse kidney single-
cell suspension without fungal, with PE-CD45, FITC-
Ly6G, APC-CD11b antibodies; Mouse kidney single-
cell suspension without fungal, with PE-CD45 anti-
body; Mouse kidney single-cell suspension without
fungal, with APC-CD11b antibody; Mouse kidney
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single-cell suspension without fungal, with FITC-
Ly6G antibody. Experimental group: Add PE-CDA45,
FITC-Ly6G, and APC-CD11b antibodies to the mouse
kidney samples infected with different genotypes of
C. albicans (Gullotta et al. 2023).

2.4.3. Data analysis

Analyse the data based on the fluorescence channels
corresponding to PE (Yel-B), FITC (Green-B), and APC
(Red-R) using FlowJo (Version 10.8.1, BD Biosciences,
Ashland, OR, USA), and export the analysed data and
images.

2.5. Kidney frozen section and immunofluorescence
staining

2.5.1. Fixation and dehydration of kidney tissue
Take fresh kidney and place it in 4% paraformalde-
hyde (PFA) at 4 °C for 12 h. Transfer the kidney to
a 15% sucrose solution and continue incubating
at 4 °C for 12 h. Subsequently, transfer the kidney
to a 30% sucrose solution and continue incubating
at 4 °C for 12h. Finally, transfer the kidney to
a mixture of 30% sucrose and OCT (1:1) and con-
tinue incubating at 4 °C for 12 h. After fixation and
dehydration, place it in an embedding box. Use
OCT to freeze the kidney at —20 °C for 20 min.
Subsequently, section the frozen kidney into 8 um
slices using a cryostat and store at —20 °C (Foley
and Bard 2002).

2.5.2. Immunofluorescence staining
Remove the mouse kidney sections from the —20 °C
freezer and bake them on a slide warmer at 60 °C
for 1 h. Place the sections in a wash box containing
1x PBS (ensure the liquid covers the sections), and
immerse them 3 times for 5min each to dissolve
the embedding agent OCT. Next, add 4% PFA to
the tissue sections, ensuring they are completely
covered, and fix for 30 min. Then, add a sufficient
volume of PBST (1x PBS+ 0.1%-0.3% TritonX-100)
and incubate at room temperature for 15 min.
After fixation, use a hydrophobic pen to draw
a circle around the kidney sections. Within the
hydrophobic circle, add a sufficient amount of 5%
bovine serum albumin (BSA) diluted in PBST, and
incubate at room temperature for 1 h.

After incubation, wash the sections once with PBST
for 5 min, discard the blocking solution. Then, transfer
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the sections to a wet box containing an appropriate
amount of deionised water, add TNF-a dye within the
hydrophobic circle, and incubate in the dark at room
temperature for 30 min. After incubation, wash the
sections 3-5 times with 1x PBS for 10 min each, then
add DAPI and incubate at room temperature for
3-5 min, followed by a 5-min wash with 1x PBS.
After staining, add 50-80 uL of anti-fade mounting
medium, place a cover slip over the sections, and
seal the edges with nail polish, then examine the
sections using a confocal microscope.

2.6. Quantitative real-time PCR

2.6.1. RNA extraction

The mouse kidney tissues were transferred to 1.5 mL
tubes without ribonuclease. After that, 1 mL of Trizol
was added and mixed thoroughly. The cells were then
lysed using a tissue homogeniser and left to stand at
room temperature for 5 min to allow complete separa-
tion of the nucleic acid-protein complexes.
Subsequently, 0.2 mL of chloroform was added, fol-
lowed by vigorous shaking for 30 s, and then the
mixture was left to stand for 2-3 min before centrifuga-
tion at 12,000 r/min for 15 min at 4 °C. After centrifuga-
tion, the sample was separated into three layers, with
RNA mainly concentrated in the upper aqueous phase.
Carefully aspirate the supernatant into a new ribonu-
clease-free tube and add 0.5 mL of isopropanol. Gently
mix the liquid in the tube and let it stand at room
temperature for 10 min. The tube was then centrifuged
at 12,000 r/min for 10 min at 4 °C. After discarding the
supernatant, 1 mL of 75% ethanol (diluted with ribo-
nuclease-free water) was added to the precipitate and
shaken to fully wash the precipitate. After centrifuga-
tion at 12,000 r/min for 5 min at 4 °C, the supernatant
was discarded, and the precipitate was air-dried.
Finally, the extracted RNA was stored in a —80 °C freezer
or used directly for reverse transcription. To confirm the
success of RNA extraction, 2 uL of the extracted RNA
was mixed with 1 puL of loading buffer and analysed
using agarose gel electrophoresis. The electrophoresis
results were observed, and the presence of clear bands
indicated successful RNA extraction.

2.6.2. Inverse transcription

The RNA was dissolved in ribonuclease-free water
at 65 °C for 10-15 min. A reverse transcription RNA
mixture was prepared by adding 40 pL of the RNA

extract to 1.5 uL of oligo dT and 1.5puL of dNTP
mixture. The mixture was incubated at 65 °C for
5 min, followed by a 2-min incubation on ice.
The RNA mixture was then mixed with 2 uL of
RNase inhibitor (RPI), 3puL of MLV-Reverse
Transcriptase, and 12 puL of MLV 5x buffer for
reverse transcription PCR. The resulting cDNA
was stored at —80 °C.

2.6.3. Quantitative real-time PCR system

Prepare the gPCR reaction system as follows: 2 pyL of
forward primer, 2 pL of reverse primer, 2 uL of cDNA,
10.5 uL of mix, and 3.5 pL of ribonuclease-free water.
Place the prepared system into the gPCR instrument
for analysis. The primers used are for Actin, IL-13, IL-4,
IL-6, IL-10, IFN-y, and TGF-f31, designed to detect dif-
ferent inflammatory factors. After obtaining the
results, perform relative quantification using the
2722t method to calculate their relative expression
levels (Winer et al. 1999).

2.7. Electron microscopy observation

Under the electron microscope, the ER-PM contact
of C. albicans was observed. Subsequently, Adobe
Photoshop was used to label the contacted endo-
plasmic reticulum with the plasma membrane, the
endoplasmic reticulum contacted with the nuclear
membrane, and the free endoplasmic reticulum in
the cytoplasm with different colours (Stefan et al.
2013). Following this, Image J (Version 1.54f
National Institutes of Health, Bethesda, MD, USA)
was employed to measure the relative lengths of
the endoplasmic reticulum contacted with the
plasma membrane and the free endoplasmic reti-
culum in the cytoplasm. After analysing the ratio
of lengths, create a bar graph using GraphPad
Prism (Version 10.2.0, GraphPaD, San Diego, CA,
USA) and perform statistical analysis of the experi-
mental data using SPSS to determine significant
differences.

2.8. The secretion capacities of protease and
phospholipase

2.8.1. The ability of C. albicans to secrete
phospholipase

Adjust the OD value of the fungal culture to 0.5 using
a spectrophotometer. Then, spot 1.5 uL of the culture



onto solid yolk medium. Incubate at 37 °C for 3 d until
distinct hydrolysis zones appear. Photograph the
plates and measure the diameters of the colonies
and hydrolysis zones. Use Adobe Photoshop to mark
the hydrolysis zones and analyse the ratio of the
diameter of the hydrolysis zone to the diameter of
the colony. Create a bar graph using GraphPad Prism
and perform statistical analysis of the experimental
data using SPSS to determine significant differences
(Price et al. 1982; Nciki et al. 2020).

2.8.2. The ability of C. albicans to secrete protease
Adjust the OD value of the fungal culture to 0.5 using
a spectrophotometer. Inoculate the adjusted culture
into 20 mL of BSA liquid medium. Incubate at 37 °C on
a shaker. After 12 h of incubation, take 1 mL of the
culture from each flask, centrifuge at 12,000 r/min for
3 min, collect the supernatant, and store it at —20 °C
(Hube et al. 1997). Perform SDS-PAGE gel electrophor-
esis on the supernatant, adding 5 pL of sample to
each well, and stain with Coomassie brilliant blue.
Photograph and analyse the protein bands. Use
Image J for greyscale analysis. Create a bar graph
using GraphPad Prism and perform statistical analysis
of the experimental data using SPSS to determine
significant differences.

2.9. Assays of candidalysin secretion

2.9.1. Acquisition and detection of antibodies

Mix 500 pL of candidalysin antigen, 50 yL of BCG
Vaccine, and 450 pL of Freund’s adjuvant. Emulsify
the mixture by repeatedly drawing it in and out of
a syringe until it appears milky white. Inject 200 pL of
the mixture subcutaneously into each mouse once
a week for three weeks. After three weeks, blood
from the mice was collected via eye bleeds and the
blood was centrifuged to obtain antibodies. Use the
candidalysin antigen for coating, and HRP Goat Anti-
Mouse as the secondary antibody to determine anti-
body titres. Select the antibody with the highest titre
for further experiments.

2.9.2. Determination of antigen content

Cultivate C. albicans overnight in YPD liquid medium.
Adjust the OD value to 0.1 before adding it to 50 mL of
N-acetylglucosamine medium with 50 puL of Uri.
Incubate at 37 °C for 18 h, then centrifuge at 12,000 r/min
for 3 min to collect the supernatant for BCA assay. Adjust the
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protein concentration using a standard curve and coat the
supernatant onto a 96-well plate, incubating at 4 °C for 12 h.
ELISA was used to measure candidalysin content among
different genotypes, detecting fluorescence at OD =450 nm
with an ELISA reader. Create a bar graph using GraphPad
Prism and perform statistical analysis of the experimental
data using SPSS to determine significant differences.

2.10. C. albicans infection in vitro

2.10.1. Construction and verification of in vitro
infection model

To observe the effects of different C. albicans geno-
types on systemic infection in epithelial cells, we used
bEnd.3 mouse brain endothelial cells to simulate the
physiological barrier defence against pathogen inva-
sion (Ferro et al. 2020).

Transwell filters (8 um pore size) were placed in
a 24-well plate. Since the growth area of each well is
0.33 cm?, the initial cell concentration was adjusted to
2 x 10 cells/200 pL (Rabanel et al. 2020). 200 pL of cell
suspension was added to the upper chamber of the
Transwell, and 1 mL of complete DMEM medium
(DMEM + 1% Penicillin-Streptomycin Solution and
10% Serum) was added to the lower chamber. The
cells were cultured, and the medium in both cham-
bers was changed every two days for the first seven
days, and then every day until the tenth day to com-
plete the model construction.

After the tenth day, the model construction was
completed, and the formation of tight junctions
between endothelial cells was observed under an
optical microscope to determine the barrier integrity.
Subsequently, the fluorescence permeability of the
model was determined by replacing the medium in
both chambers with serum-free DMEM and adding
5uL of 2 mg/mL fluorescein isothiocyanate (FITC) to
the upper chamber. Complete fluorescence and non-
fluorescence control experiments were conducted
(Wegener and Seebach 2014). After incubating at 37 °C
in the dark for one hour, the lower chamber medium
from the experimental and control groups was divided
into three portions for fluorescence intensity measure-
ment to assess the integrity of the barrier.

2.10.2. C. albicans infection

After confirming the barrier integrity of the model,
infect the bEnd.3 mouse brain endothelial cell
models with different genotypes of C. albicans.
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Adjust the OD value of the fungal suspension to
0.2 before co-culture. After one day of co-culture,
stain the models with calcofluor white (CFW,
10 mg/L, Sigma, USA) and Alexa Fluor 594-
labelled concanavalin A (5mg/L, Thermo Fisher,
USA). Finally, use confocal microscopy to observe
the models.

2.10.3. Data analysis

Use Image J to analyse the fluorescence intensity of
red and blue fluorescence. Use GraphPad Prism to
create a bar graph using the ratio of red to blue
fluorescence intensity as an indicator of the tight
junction integrity of the in vitro model. Perform sta-
tistical analysis of the experimental data using the
SPSS software to determine significant differences.

2.11. C. albicans infection in vivo

2.11.1. Transformation of URA3 gene

Use the lithium acetate transformation method to
transform the pLUBP plasmid into C. albicans to
restore the ability of infection. Single colonies
grown on SC-Uri selection medium are picked to
extract the genome. PCR is performed on the
inserted genes, and agarose gel electrophoresis is
used to verify the successful transfer of the URA3
gene using the plasmid as a control (Brand et al.
2004; Liang et al. 2018).

2.11.2. C. albicans infection

Adjust the OD value of the fungal culture to 0.5 using
physiological saline. Inject the adjusted culture into
mice via tail vein injection. Record the time and num-
ber of mouse deaths. Periodically extract the kidneys
for grinding, dilute the tissue, and use the spread
plate method to determine C. albicans content. Fix
the kidneys, prepare tissue sections using paraffin
embedding, and perform Haematoxylin and Eosin
(HE) staining to observe the distribution of
inflammation.

2.11.3. Data analysis

Use SPSS to plot mouse survival curves. Use GraphPad
Prism to create a bar graph of C. albicans content in
mouse kidneys. Perform statistical analysis of the experi-
mental data using SPSS to determine significant
differences.

3. Results

3.1. Deletion of SPF1 attenuates kidney
inflammation during systemic infection

During C. albicans infection, hyphae invade and
damage multiple organs, with the kidneys being the
most severely affected (Jawale and Biswas 2021). To
investigate the impact of SPF1 gene deletion on
inflammatory response, we used 5-week-old female
ICR mice, injected different genotypes of C. albicans
into their tail veins, and then sampled the kidneys on
the third day for paraffin sectioning and HE staining.
Examination of kidney sections revealed severe
inflammation in the renal tissue after infection with
the wild-type strain or the SPF1-complemented strain
(SPF1C). However, there was almost no apparent
inflammatory response after spfil-/- infection
(Figure 1a). Observation under a 40x magnification
revealed that while hyphal colonisation was present
in renal tissue after infection, the growth of hyphae
was significantly inhibited after SPF1 gene deletion
(Figure 1a). Subsequently, we assessed the specific
renal inflammation by calculating the percentage of
damaged glomeruli (including glomerular inflamma-
tion, cell proliferation, and tubular deformation) in
each photograph relative to the total number of glo-
meruli (Figure 1b). The results showed that mice
infected with WT and SPF1C exhibited significant
inflammation in the kidneys, including extensive glo-
merular cell proliferation, a significant presence of red
blood cells in the interstitial tissue, and severe inflam-
matory cell infiltration and cell swelling. In contrast,
mice infected with spf1-/- had milder renal symptoms,
with most glomeruli remaining normal.
Subsequently, to explore the number of immune
cells at the site of kidney inflammation, we used flow
cytometry and selected three antibodies labelled with
PE-CD45, FITC-Ly6G, and APC-CD11b to screen for neu-
trophils from kidney tissue (Hasenberg et al. 2015).
CD45 is a tyrosine phosphatase widely expressed on
the surface of all white blood cells, including neutro-
phils. Simultaneous staining with the neutrophil marker
Ly6G and the macrophage marker CD11b can effec-
tively separate neutrophils from lymphocytes
(Charbonneau et al. 1988; Daley et al. 2008; Pillay
et al. 2013). We selected the kidneys of mice three
days after tail vein injection of the fungal suspension,
prepared single-cell suspensions, and stained them for
flow cytometry analysis, with the results as follows
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Figure 1. Influence of SPF1 deletion on inflammatory response. (a) Three days after tail vein injection, mouse kidneys were paraffin-
sectioned and stained with HE (black arrows indicate inflammatory sites under a 10x microscope and red arrows indicate hyphae
under a 40x microscope). (b) Scoring criteria for inflammation: no damage to renal tubules (score of 0), <25% damage to renal tubules
(score of 1), 25%-50% damage to renal tubules (score of 2), 50%-75% damage to renal tubules (score of 3), 75%-100% damage to
renal tubules (score of 4) (n = 3, ns: p > 0.05, *: p < 0.05, **: p < 0.01). (c) Under the conditions of SSC/FSC, SSC/PE-CD45, and APC-
CD11b/FITC-ly6G, single cells, lymphocytes, and neutrophils were successively gated to obtain the proportion of neutrophils in kidney
single-cell suspensions after infection with different genotypes of strains. (d) Proportion of CD11b + Ly6G + cells in lymphocytes

(n=3,ns:p>0.05 *p<0.05 **:p <0.01).

(Figure 1c,d). Through flow cytometry results and data
analysis, we found that in the results of infection with
the wild-type strain, the proportion of neutrophils was
higher. Conversely, in the results of infection with the
spf1-/- genotype, there was a significant decrease in the
proportion of neutrophils to lymphocytes. Similarly, the
proportion of neutrophils returned to a level similar to
that of the wild type after the complementation of the
SPF1 gene in C. albicans. Overall, the inflammatory
response in the kidneys of mice infected with
C. albicans is greatly reduced after SPF1 gene deletion.

3.2. Deletion of SPF1 reduces the production of
inflammatory cytokines

TNF-a is a pro-inflammatory cytokine that can activate
phagocytic cells (such as macrophages and

neutrophils) during fungal infections, promoting
inflammation at the infection site and stimulating
the production of other cytokines and chemokines,
thereby enhancing the anti-fungal immune response
(Herring et al. 2005). To further investigate the effect
of SPF1 deletion in cytokine-level immune responses,
we conducted frozen sectioning and immunofluores-
cence staining of mouse kidneys infected with
C. albicans after three days. As revealed by fluores-
cence microscopy and intensity analysis, the mice
infected with the wild-type or the SPFI1C strain
showed significant distribution of TNF-a signal, while
the mice infected with the spfi-/- strain exhibited
weaker TNF-a distribution, with the red fluorescence
almost disappearing (Figure 2a,b).

To further confirm the difference in expression levels
of other cytokines (such as pro-inflammatory factors
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Figure 2. Influence of SPF1 deletion on expression of inflammatory cytokines. (a) Confocal microscopy images of kidney sections: the
nuclear is labeled with blue fluorescence, and the cytokine tnf-a is labeled with red fluorescence. (b) Average fluorescence intensity of
TNF-a/DAPI (n =3, ns: p>0.05, *: p<0.05, **: p<0.01). (ch) Expression levels of different inflammatory factors in the kidneys,
including IL-1B, IL-6, IFN-y, IL-4, IL-10, TGF-B1 (n =3, ns: p > 0.05, *: p < 0.05, **: p < 0.01).

IL-1B, IL-6, IFN-y, anti-inflammatory factors IL-4, IL-10,
TGF-f31) in the kidneys during infection with different
genotypes of C. albicans, we conducted real-time fluor-
escence quantitative PCR (gqPCR) experiments (Nailis
et al. 2006). Subsequently, the relative expression levels
were calculated using the 2722 method (Figure 2c-h,
Figure S1). As compared to the blank control group
(CK) and the spf1-/- group, the levels of most cytokines

significantly increased in the kidneys of mice infected
with the WT and SPF1C strains. In addition, the trends of
these cytokines were not completely consistent
between WT and SPF1C, which may be due to the
different expression levels of SPF1 in the two strains.
Nevertheless, the levels of cytokines in mice infected
with spf1-/- are significantly lower than that in the mice
infected with the wild-type strain.



3.3. Deletion of SPF1 strongly impairs formation of
ER-PM contacts

To investigate the relationship between Spf1 and ER-PM
tethering proteins (such as Ist2 and Tcb1/3), we con-
structed the ER-PM contact mutants ist2-/-, tcb1-/-
tcb3-/-, and spfl-/-ist2-/-tcb1-/-tcb3-/-. Initially, we used
the channel Sec61 involved in protein transport and
translocation on the endoplasmic reticulum as an endo-
plasmic reticulum marker, and the PH3 membrane-
localised protein as a plasma membrane marker (Fonzi
2009). Following CFW staining of the strains, the experi-
mental results were obtained by calculating the ratio of
the area co-located with red fluorescence and green
fluorescence to the area where green fluorescence was
present alone (Figure 3a,b). The results showed
a significant decrease in the area of co-localisation of
the endoplasmic reticulum and plasma membrane in
C. albicans after the loss of the SPF1 gene, and the level
of this loss was similar to that after the loss of Ist2 and
Tcb1/3 proteins. We then used electron microscopy to
observe the internal structure of these C. albicans
(Figure 3c). In the figure, blue labelling represents the
endoplasmic reticulum in contact with the nuclear mem-
brane, green labelling represents the free endoplasmic
reticulum in the cytoplasm, and red labelling represents
the endoplasmic reticulum in contact with the plasma
membrane. It can be seen that the gene loss leads to the
loss of ER-PM tethering proteins, resulting in the aberrant
localisation of the endoplasmic reticulum and greatly
altering the morphology of the peripheral endoplasmic
reticulum network, leading to the accumulation of free
endoplasmic reticulum (Stefan et al. 2013). The results of
comparing the ratio of the lengths of the endoplasmic
reticulum in the cytoplasm and the endoplasmic reticu-
lum contacted to the plasma membrane in different
images are shown in Figure 3d. The impact of Spf1 loss
on ER-PM contact is comparable to the direct loss of
tethering proteins, and these effects can be superim-
posed in the spfl-/-ist2-/-tcb1-/-tcb3-/- strain, leading to
a more pronounced decrease in ER-PM contacts.

To further investigate the relationship between the
SPF1 gene and the ER-PM tethering protein, we used
the ER-PM tethering protein Ist2 as a marker for con-
focal microscopy (Figure 3e) (Wolf et al. 2012). The
results showed that in the hyphal cells of the WT
genotype, there was a considerable overlap between
green and red fluorescence (indicated by white
arrows), indicating that in the wild-type strain, the
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ER-PM tethering protein Ist2 mostly co-localises with
the plasma membrane. However, in the SPF1 gene-
deficient strain, there are many individual green fluor-
escence (indicated by purple arrows, Figure 3e).
Similar results were observed in the yeast cells.
While the WT cells had most of GFP-Ist2 co-localised
with the PH3-mCherry (indicating the PM), the spf1-/-
cells had abundant GFP-Ist2 in the cytosol rather than
at the PM (indicated by the purple arrows, Figure S2).
Hence, the Ist2 protein has dissociated from its origi-
nal plasma membrane contact site, losing its contact
function in spf1-/-. These results suggest that loss of
Spf1 leads to abnormalities in tethering proteins such
as Ist2, resulting in a decrease in ER-PM contact and
functional loss.

3.4. Loss of Spf1 and related ER-PM tethering
proteins attenuates secretion of virulence factors

Candida albicans infects host cells by adhering to
epithelial cells and secreting hydrolytic enzymes, can-
didalysin, and other virulence factors (Fan et al. 2013).
Following phase transition and adhesion, C. albicans
can penetrate host cells more deeply by SAP and
phospholipase to disrupt the host cell membrane for
infection. Aspartyl protease can cleave covalently
linked cell wall proteins, while phospholipase can
directly degrade the phospholipid bilayer of the host
cell membrane (Niewerth and Korting 2001; Schild
et al. 2011). Additionally, the precursor protein
(Ecel1p) encoded by the C. albicans ECE1 gene under-
goes specific protein hydrolysis by Kex2p, followed by
further processing with the carboxypeptidase Kex1p
to produce mature candidalysin. This toxin can also
disrupt plasma membrane integrity and activate the
immune response (Moyes et al. 2016).

To investigate the changes in virulence factors of
C. albicans after the decrease in ER-PM contact levels,
we cultured the strains on egg yolk solid medium and
analysed the phospholipase levels of different geno-
types. The results of egg yolk solid medium hydrolysis
circles showed that the colonies of the WT strain were
the largest and had the most pronounced hydrolysis
circles, while those of the spf1-/-, ist2-/-, and spf1-/-ist2
-/-tcb1-/-tcb3-/- strains had smaller hydrolysis circles
and colony diameters (Figure 4a). Statistical analysis
further revealed that compared with WT, the spfi1-/-,
ist2-/-, tcbl-/-tcb3-/-, and spfl-/-ist2-/-tcb1-/-tcb3-/-
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Figure 3. Influence of Spf1 and ER-PM tethering protein loss on ER-PM contact. (a) Confocal microscopy image of Candida albicans: the
cell wall is labeled with blue fluorescence, the plasma membrane is labeled with red fluorescence, and the endoplasmic reticulum
localized protein Sec61 is labeled with green fluorescence. (b) Ratio of co-localization area of red and green fluorescence to the area of
green fluorescence alone in different genotypes (n = 3, ns: p > 0.05, *: p < 0.05, **: p < 0.01). (c) Distribution of endoplasmic reticulum
in C. albicans: the blue line represents the nuclear endoplasmic reticulum, the green line represents the cytoplasmic endoplasmic
reticulum, and the red line represents the endoplasmic reticulum contacted to the plasma membrane. (d) Ratio of the cytoplasmic
endoplasmic reticulum to (endoplasmic reticulum contacted to the plasma membrane + cytoplasmic endoplasmic reticulum) in
different genotypes (n =3, ns: p > 0.05, *: p < 0.05, **: p < 0.01). (e) Confocal microscopy image of C. albicans hyphae: The cell wall is
labeled with blue fluorescence, the plasma membrane is labeled with red fluorescence, and the ER-PM tethering protein Ist2 is labeled
with green fluorescence (white arrows indicate overlap of red and green fluorescence, purple arrows indicate green fluorescence
alone). The fungal hyphae were induced in RPMI-1640 medium at 37 °C for 4 h, followed by confocal microscopy.
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Figure 4. Influence of Spf1 and ER-PM tethering protein loss on secretion of the fungal virulence factors. (a) Results of cultivation of
different strains on egg yolk medium (red dashed line represents hydrolysis zone). (b) Ratio of hydrolysis zone diameter to colony
diameter of different strains (n =3, ns: p > 0.05, *: p < 0.05, **: p < 0.01). (c) Protein electrophoresis image of different strains cultured
in BSA medium for 12 h. (d) Ratio of degraded BSA protein to intact BSA protein in different strains (n =3, ns: p > 0.05, *: p < 0.05, **:
p <0.01). (e) ELISA experiment shows the fluorescence intensity of candidalysin (OD 450 nm, n=3, ns: p > 0.05, *: p < 0.05, **: p <

0.01).

strains had a significant decrease in phospholipase
hydrolytic activity (Figure 4b). These results indicated
that the defect in ER-PM contact has a significant
impact on the level of phospholipase.

SAP degrades many host proteins, such as immu-
noglobulins and bovine serum albumin (BSA). To
investigate the effect of ER-PM contacts on SAP secre-
tion, we used BSA to detect the level of SAP (Costa
et al. 2010). After co-culturing BSA with different
strains for 12 h, the supernatants were collected for
protein gel electrophoresis. The results showed that
the mutants had decreased capacity to hydrolyse BSA

as compared with the wild type. During C. albicans
infection, the peptide toxin candidalysin, which is
used for cell lysis, can also be secreted. Consistently,
as revealed by enzyme-linked immunosorbent assay
(ELISA), the four mutants also exhibited lower levels of
secreted candidalysin than the WT strain (Figure 4e).
Subsequently, we employed gPCR to specifically
examine the expression levels of the virulence factors
secreted aspartic proteases (SAP) and lipases in both
WT and spf1-/- strains. Our findings revealed no sig-
nificant difference in the expression levels of the
tested four virulence factor-encoding genes (i.e.
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SAP1, SAP2, LIP1, and LIP2) between the two geno-
types (Figure S3). These results indicated that deletion
of the SPF1 gene during infection led to a decrease in
secretion of C. albicans virulence factors, and this
reduction is not caused by a decrease in their expres-
sion levels. This suggested that loss of Spf1 caused
a decrease in ER-PM contact by affecting the localisa-
tion of some ER-PM tethering proteins, leading to
further attenuation of virulence factor secretion.

3.5. Loss of Spf1 and related ER-PM tethering
proteins attenuates secretion of GPl-anchored
proteins

The above experiments showed that the loss of Spf1
and ER-PM tethering proteins reduced the level of
virulence factors in C. albicans. We then selected the
important GPIl-anchored protein Hwp1 in C. albicans
to investigate the specific secretion process affected
by the loss of Spf1 and tethering proteins. Hwp1 is an
important adhesin in C. albicans, aiding in the adhe-
sion of the fungus to host epithelial cells and playing
a key role in hyphal development and infection dis-
semination (Maras et al. 2021; Arita et al. 2022). Since
Hwp1 acts on the surface of the cell wall, it can also be
used as an indicator for the transport of cell wall
proteins to explore the effects and differences in
secretion pathways (Yu et al. 2014).

To study the effect of ER-PM contact loss on the GPI
anchoring of Hwp1, we constructed the plasmid SMG
(signal peptide-mCherry-GPI anchoring sequence) for
GPI labelling. This plasmid enables the GPI anchoring
sequence of Hwp1 to be visualised with red fluores-
cence. Concurrently, Calcofluor White (CFW) was used
to stain the C. albicans hyphae and cells (Figure 5a).
The images show that in the WT, GPI is primarily
distributed on the cell wall, overlapping with the
blue fluorescence of CFW. However, in other deficient
strains, a significant amount of red fluorescence was
localised in the cytoplasm, suggesting that Hwp1
remains in the cytoplasm and is not successfully
secreted externally to perform its anchoring function.
After that, we used Image J to analyse the fluores-
cence intensity of the images and performed
a significant analysis of the ratio of red fluorescence
intensity on the cell wall to that in the cytoplasm. The
results are shown in the Figure 5b. It was indicated
that the cell wall-distributed GPI was significantly
higher in the WT genotype than in other gene-

deleted strains. Moreover, compared to single gene-
deleted strains, the spfl-/-ist2-/-tcb1-/-tcb3-/- geno-
type exhibited a more pronounced decrease in the
GPI secretion level, suggesting that the loss of ER-PM
contacts strongly impaired secretion and cell wall
anchoring of GPI.

To further confirm the impairment of
Hwp1 secretion, we labelled Hwp1 with red fluores-
cence and the ER protein Sec61 with green fluores-
cence, and performed confocal microscopy of
different mutants. As shown in Figure 5¢, the Hwp1-
mCherry fluorescence was mainly co-localised with
the CFW fluorescence (indicated by white arrows) in
the WT. In contrast, Hwp1-mCherry was abundantly
co-localised with the Sec61-GFP fluorescence (indi-
cated by purple arrows). Image J analysis further con-
firmed that the WT strain had much higher levels of
cell wall-localised Hwp1 than the mutants (Figure 5d).
These results suggested that after Spf1 and related
ER-PM contacts were required for maintaining
Hwp1 secretion and anchoring to the cell wall.

3.6. Spf1 and related ER-PM tethering proteins are
required for successful invasion and systemic
infection

In order to further investigate the impact of Spf1 and
related ER-PM contacts on C. albicans infection, we
conducted in vitro and in vivo infection experiments.
We first constructed an in vitro Transwell model using
bEnd.3 mouse brain endothelial cells to simulate the
physical barrier defence against pathogen invasion
in vivo. Meanwhile, Alexa594-labelled concanavalin
A (ConA) can selectively bind fungal cell wall mannan
and glucan but could not penetrate the host cytoplas-
mic membrane. Therefore, it is widely used to stain
fungal cells not invading the host cells (Imberty et al.
1991; Panchuk-Voloshina et al. 1999). We stained the
fungal cells with Alexa594-labelled ConA to evaluate
fungal invasion of the host endothelial cells. As shown
in Figure 6a, the WT strain led to remarkable disrup-
tion of the endothelial cell layer, with most of the
fungal cells not staining by Alexa594-labelled ConA.
This indicated the WT cells strongly invade into the
endothelial cells, leading to endothelial cell damage.
In contrast, the four mutants exhibited strong red
fluorescence intensity, not resulting in the disruption
of the endothelial cell layer. Statistical analysis further
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Figure 5. Influence of Spf1 and ER-PM tethering protein loss on cell wall localisation of gpi-anchored proteins. (a) Distribution of gpi-
anchored proteins in hyphae of different genotypes: The cell wall is labeled with blue fluorescence, and the GPl-anchored proteins are
labeled with red fluorescence. (b) Ratio of GPI fluorescence intensity on the cell wall to that inside the cell in hyphae of different
genotypes (n=3, ns: p>0.05, *: p<0.05, **: p<0.01). (c) Colocalization of Hwp1 with the endoplasmic reticulum in hyphae of
different genotypes: The cell wall is labeled with blue fluorescence, the Hwp1 is labeled with red fluorescence, and the endoplasmic
reticulum localized protein Sec61 is labeled with green fluorescence (white arrows indicate overlap of red and green fluorescence,
purple arrows indicate green fluorescence alone). (d) Ratio of the cell wall-localized Hwp1-mCherry to the intracellularly localized

Hwp1-mCherry (n =3, ns: p > 0.05, *: p < 0.05, **: p < 0.01).

showed that the four mutants had much higher ratio
of ConA intensity to CFW intensity (Figure 6b), con-
firming the lower invading capacity of the mutants
than that of WT.

Subsequently, we utilised a systemic infection
mouse model to evaluate the virulence of the strains.
Following the injection of C. albicans into the tail vein
of mice, we conducted continuous observation and
plotted the mouse survival curve (Figure 6¢). At the
end of day 7, all mice injected with the WT strain died,
and at the end of day 8, all mice injected with the
ist2-/- strain died, whereas the mice infected with the
spfl1-/-, tcb1-/-tcb3-/-, and spf1-/-ist2-/-tcb1-/-tcb3-/-

strains did not experience mortality. Moreover, CFU
assays indicated that there was no significant differ-
ence in invasive ability between the ist2-/- and the
WT, both showing severe fungal burdens in the kid-
neys. In contrast, the mice infected with the spfi-/-,
tcb1-/-tcb3-/-, and spfi1-/-ist2-/-tcb1-/-tcb3-/- strains
had much lighter fungal burdens in the kidneys
(Figure 6d). Subsequent paraffin sectioning and HE
staining of the mouse kidneys showed that there
was almost no inflammation caused by C. albicans
infection in the kidneys of mice infected with the
spfl-/-, tcb1-/-tcb3-/-, and spfl-/-ist2-/-tcb1-/-tcb3-/-
strains, whereas pronounced inflammation was



870 Y. JIET AL

a WT spfi1-/- ist2-/- tcbl-/- tcb3-/- spfl-/- ist2-/- tcb1-/- tcb3-/-
N . - . . -
h - - - - -
- . . . - .

63 sk
b r ** 1 ¢ d
H T TTH Survival Curves of Mice after Injection 8000 *
S 1.0 | p—ey | ok
3 100 *
2 | | —
5 6000 *
£ 0.8 T s 1
g 80 E; m
] —wr 54000
67 e spfl-/- i T
3 — istz-/- £2000- T
= 0.4+ T o ns tob1-/-tcb3~/- 2 -
3 £ SpFL-/-ist2-/-tcb1-/-tcb3- O 60
H 2 T
§ 0.2 20 401 -
E 20
= 0
g o T % 2 4 6 ) 10 3
F , ) N S S s
N @,’V Time < s@ & \5613 @&
A& WA
v )
N
o
A
sQ%
Y

spfl-/- ist2-/- tch1-/- tch3-/-

2

10x

40x

Figure 6. Influence of Spf1 and ER-PM tethering proteins loss on Candida albicans infection. (a) Endothelial layer disruption: the fungal cell
wall is labeled with blue fluorescence, while the hyphae that failed to penetrate endothelial cells are stained by Alexa 594-labeled
concanavalin a (ConA) with red fluorescence. (b) Ratio of red fluorescence intensity to blue fluorescence intensity after infection with
different genotypes (n=3, ns: p > 0.05, *: p < 0.05, **: p <0.01). () Mouse survival curve after tail vein injection (n =8, duration =10 d).
(d) Three days after tail vein injection, mouse kidney homogenates were spread on plates, and the number of single C. albicans colonies was
counted (n=3, ns: p>0.05, *: p<0.05, **: p<0.01). (e) Three days after tail vein injection, mouse kidneys were paraffin-sectioned and
stained with HE (black arrows indicate inflammatory sites under a 10x microscope and red arrows indicate hyphae under a 40x microscope).



observed in the kidneys infected with the WT and
ist2-/-, accompanied by abundant hyphae present in
the tissues under a 40-fold magnification (Figure 6e).
Results from in vitro and in vivo C. albicans infection
experiments suggested that deletion of the SPF1 gene
reduced the infectivity of C. albicans by decreasing
ER-PM contacts. However, the sole loss of Ist2 leads to
a decrease in the secretion level of virulence factors,
but its impact on the virulence of C. albicans is not
significant. The survival rate of the mice injected with
the ist2-/- strain was significantly lower than that of
the mice infected with the spfi-/-, tcb1-/-tcb3-/-, and
spf1-/-ist2-/-tcb1-/-tcb3-/- strains. This also indicates
that the loss of IST2 is not sufficient to diminish the
virulence of C. albicans during systemic infection.

4. Discussion

The SPF1 gene encodes an endoplasmic reticulum
P-type ATPase pump, which plays an important role
in maintaining endoplasmic reticulum calcium ion
balance and regulating intracellular calcium homo-
eostasis in fungal cells (Li et al. 2018). Calcium ions
are not only essential divalent ions for the growth of
eukaryotes but also a widely distributed second mes-
senger involved in various developmental signals and
specific cellular response pathways. Disruption of fun-
gal intracellular calcium homoeostasis can lead to
growth defects and even cell death in all organisms
(Liu et al. 2015). Furthermore, the SPF1 gene has
various physiological functions in fungal survival and
pathogenesis. Our previous research has shown that
the SPF1 gene is involved in multiple processes of
C. albicans growth and development. It regulates fun-
gal cell wall synthesis and lipid metabolism, processes
closely associated with the recognition and response
of fungi to the host immune system (Yu et al. 2012b).
Moreover, the imbalance in endoplasmic reticulum
calcium homoeostasis resulting from SPF1 gene dele-
tion further causes a loss of cell wall integrity and
defects in hyphal development in C. albicans (Yu
et al. 2013, 2019).

In this research, we focused on the critical ER-PM
contacts in C. albicans, exploring the regulatory
mechanism of the SPF1 gene in immune response
from a new perspective. Initially, we introduced Ist2
and Tcb1/3 deletion mutants, which are ER-PM tether-
ing proteins, and found that the SPF1 gene affects the
function of these tethering proteins, resulting in
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reduced ER-PM contact. Additionally, with no signifi-
cant changes in the expression levels of virulence
factors, the reduced levels of these factors in the
gene deletion strains also indicate that abnormalities
in the secretion process are related to the absence of
these tethering proteins. More importantly, these
gene-deleted mutants showed a reduced infection
capability in both in vivo and in vitro experiments,
demonstrating the role of ER-PM contacts in regulat-
ing immune response. Certainly, the infectivity of
C. albicans is not solely dependent on its ability to
colonise the host and release virulence factors that
damage the host’s defensive barriers (d’Enfert et al.
2021), in immune responses, the growth ability and
cell wall structure of C. albicans also play crucial roles.
Experimental results from defective strains show that
even with the loss of ER-PM contacts while maintain-
ing growth ability and cell wall integrity due to SPF1
deletion, the strains still exhibited a significant
decrease in infectivity and damage. This decline
reveals that the reduction in inflammation and
immune response upon SPF1 deletion is a complex
issue; the ER-PM contacts may have a parallel and
synergistic regulatory relationship with the growth
ability or cell wall integrity. Moreover, the ER-PM con-
tacts might influence fungal growth and cell wall
synthesis upstream, thereby further modulating the
immune response. Since the strength of the immune
response in a healthy host partially reflects the sever-
ity of the infection, this also corroborates the
decreased infectivity and mortality of C. albicans in
both in vivo and in vitro infection experiments.

The classical endoplasmic reticulum-Golgi-plasma
membrane secretion pathway is the main secretion
pathway for most proteins. Gene sequences show
that proteins such as Hwp1, SAP, and others contain
signal peptide sequences related to this pathway
(Chaffin et al. 1998). Candidalysin must also
undergo further cleavage and processing in the
secretion pathway to form mature candidalysin
(Russell et al. 2022). Additionally, all five phospholi-
pase genes in C. albicans were found to contain
secretion signal peptide sequences (Sorgo et al.
2013). This suggests that the protein secretion path-
way plays a crucial role in the secretion of virulence
factors in C. albicans. The ER-PM contact is also
a critical pathway from the endoplasmic reticulum
to the plasma membrane. The plasma membrane
absorbs and transports large amounts of proteins
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and lipids through vesicles, playing an important
role in secretion pathways and endocytosis.
Therefore, the endoplasmic reticulum needs to com-
municate with the plasma membrane promptly, reg-
ulate biosynthesis, and adapt to the reshaping of
the plasma membrane after changes in internal and
external environments (Manford et al. 2012).
Experimental results show a direct correlation
between the secretion of certain virulence factors
in C. albicans and Spf1-maintained ER-PM contact. In
the WT strain, the existence of the ER-PM contacts leads
to a shortened distance from the endoplasmic reticulum
to the plasma membrane, allowing the endoplasmic
reticulum to better receive membrane component infor-
mation returned from the plasma membrane, thereby

activates the immune response, leading to severe tissue
inflammation and host death (Figure 7a). However, in
the SPFi-deficient strain, the decrease in contacts
caused by the abnormal function of ER-PM tethering
proteins affects this stable and normal secretion process,
leading to the attenuation of immune response and the
decrease in host death (Figure 7b).

In conclusion, this study revealed that the SPF1
gene regulates the immune response of the host
during systemic C. albicans infection by regulating
the function of ER-PM tethering proteins, the
deletion of SPF1 reduced the formation of ER-PM
contacts, leading to the attenuation of virulence
factor secretion, and ultimately affecting the viru-
lence of C. albicans. This discovery provides new
clues for further elucidating the relationship

stabilising secretion in the ER-PM secretion pathway.
The normal secretion of virulence factors further  between pathogenic fungi and the immune
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Figure 7. Schematic diagram of Candida albicans virulence factor secretion controlled by Spf1-maintained ER-PM contacts. (a) Spf11-
governed ER-PM contacts for regulation of virulence factor secretion and immune response in the WT strain. (b) Defect in the
formation of ER-PM contacts in the spf1-/- strain with reduced secretion of virulence factors and attenuation of the immune response.



system, and also provides a theoretical basis for
therapeutic strategies against fungal infections.
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