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Abstract

Infections caused by Candida albicans are rising due to increment in drug resistance and a limited arsenal of conventional
antifungal drugs. Thus, elucidating the novel antifungal targets still represent an alternative that could overcome the problem
of multidrug resistance (MDR). In this study, we have uncovered the distinctive effect of aminophospholipid translocase
(Drs2p) deletion on major MDR mechanisms of C. albicans. We determined that efflux activity was diminished in Adrs2
mutant as revealed by extracellular rhodamine 6G (R6G) efflux and flow cytometry. Moreover, we further unveiled that
Adrs2 mutant displayed decreased ergosterol content and increased membrane fluidity. Furthermore, Drs2p deletion affects
the virulence attributes and led to inhibited hyphal growth and reduced biofilm formation. Additionally, THP-1 cell lines’
mediated host—pathogen interaction studies revealed that Adrs2 mutant displayed enhanced phagocytosis and altered cytokine
production leading to increased IL-6 and decreased IL-10 production. Taken together, the present study demonstrates the
relevance of Drs2p in C. albicans and consequently disrupting pathways known for mediating drug resistance and immune
recognition. Comprehensive studies are further required to authenticate Drs2p as a novel antifungal drug target.

Keywords Candida albicans - Flippase - Drs2p - Aminophospholipid translocase - Efflux pump - Ergosterol - Virulence
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Introduction armamentarium of antifungal drugs towards their limited
and restricted usage (Robbins et al. 2016). There are dif-

Candida albicans is a dimorphic human fungal pathogen that ~ ferent mechanisms of MDR that are well documented such

causes mucosal and systemic infections in immunocompro-
mised individuals and affects many populations (Ravikant
Kaur et al. 2015; Singh et al. 2015; Arendrup and Patterson
2017; Bongomin et al. 2017, CDC reports 2019). Multidrug
resistance (MDR) is a major impediment against the present
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as overexpression of efflux pumps, alteration of drug target
(ergosterol content), and elevated chitin content that has been
mainly implicated in azole and echinocandin resistance,
respectively (Tanwar et al. 2014; Pristov and Ghannoum
2019). Moreover, Candida forms biofilm which is recal-
citrant to a wide spectrum of antifungal drugs (Zarnowski
et al. 2018). This urges the need to either develop new anti-
fungal agents or identify novel targets unique to fungi. The
development of new antifungal agents is a time-consuming
process where many hurdles such as toxicities, drug inter-
actions, and difficulties in intravenous administration need
to be worked (Wiederhold 2018). Alternatively, it would be
better to indulge in studies that aids in the recognition of
novel antifungal targets that are unique and specific for patho-
gens including C. albicans. The recent understanding and
advancements in techniques have allowed for the identifica-
tion of potential new targets that can strengthen the resources
of understanding Candida resistance.
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The cell membrane is known to play a crucial role in
fungal growth as it acts as a barrier that mediates the trans-
port of nutrients, maintains osmolarity, pH sensing, and
regulates defense against any environmental insults. The
multifunctionality of the cell membrane makes it one of
the most common drug targets of antifungal drugs (Doug-
las and Konopka 2016). The complex functionality of cell
membrane is due to array of different proteins and lipids
present in the membrane. In C. albicans, the physical prop-
erties of the membrane and lipid functions have close rela-
tion to MDR development. For instance, membrane lipid
phase and asymmetry affect azole resistance (Kohli et al.
2002). Similarly, drug diffusion and the membrane lipid
environment also regulate the drug susceptibility pheno-
type of Candida (Pasrija et al. 2005; Prasad et al. 2005).
The susceptibility of Candida cells to antifungal drugs
is also governed by ergosterol and sphingolipid content
as the knockout mutants of ergosterol and sphingolipid
biosynthetic pathways were susceptible to antifungal drugs
such as azoles in comparison to their wild-type strains
(Mukhopadhyay et al. 2004; Pasrija et al. 2008). Thus, the
role of membrane lipid homeostasis in governing MDR is
evident from wide range of studies.

Lipid asymmetry is vital for many cellular functions such
as the budding of vesicles and membrane curvature (Oliveira
et al. 2013). P-type ATPases are the ATP-dependent family
of transporters that are involved in the transport of heavy
metals and ions. However, some members like the P4 type,
instead of being cation transporters, are proposed to be ami-
nophospholipid translocase of flippase that translocate the
phosphatidylserine (PS) and phosphatidylethanolamine (PE)
from outer leaflet to inner leaflet membrane bilayer. Drs2p is
a P4-type ATPase essential for the flippase activity of PS in
the trans-Golgi network in yeast cells with no human homo-
logue (Hua et al. 2002; Sebastian et al. 2012). It is known
that Drs2p governs PE asymmetry in post-Golgi secretory
vesicles (Natarajan et al. 2004; Zhou and Graham 2009).
Drs2p functions by utilizing the energy from hydrolysis of
ATP for translocation of PS and PE across the membrane.
The non-catalytic unit of flippase known as Cdc50 has been
studied in C. albicans and is known to govern antifungal
drug resistance, virulence, hyphal development, and endo-
cytosis (Xu et al. 2019). The role of P-type ATPases in

regulating virulence factors has also been demonstrated in
another fungal pathogen such as Cryptococcus neoformans
(Huang et al. 2016).

The aim of the present study is to strengthen the avail-
able literature and elucidate the effect of Drs2p deletion
in C. albicans on major MDR development mechanisms,
virulence traits, and host—pathogen interaction. We explored
that Drs2p functionality is indispensable for coordinated
functioning in C. albicans as revealed by abrogated efflux
pump activity, lower ergosterol content, inhibited hyphal
development, and biofilm formation along with enhanced
phagocytosis and altered cytokine production. This study
supports the utility of Drs2p in governing drug resistance
mechanisms and immune recognition that could be exploited
for therapeutics.

Material and methods

All media and chemicals such as YPD (yeast extract peptone
dextrose), agar, thiazolyl blue tetrazolium bromide (MTT),
rhodamine 6G (R6G), dinitrophenol (DNP), 2-deoxy glucose
(2-DOG), and serum were purchased from HiMedia (Mum-
bai, India). D-glucose and mannitol were obtained from
Fischer Scientific. Crystal violet (CV), phorbol myristate
acetate (PMA), and n-heptane were obtained from Sigma
Chemical Co. (St. Louis, MO, USA).

Growth media and strains

The Candida strains (BWP17 and Adrs2 mutant listed in
Table 1) were used in this study and were kindly provided
by Martine Bassilana group (Labbaoui et al. 2017). Adrs2
mutant is derived from parent (WT) strain BWP17 and gener-
ated by homologous recombination. Each copy was replaced
by either HIS1 or URA3, using knockout cassettes generated
by amplification of pGemHIS1 and pGemURA3 with primer
pairs DRS2.P1/DRS2.P2. Strains were cultured in YPD broth
with the composition of yeast extract 1% (w/v), peptone 2%
(w/v), and dextrose 2% (w/v). For agar plates, 2% (w/v) agar
was added to the media. The cells were freshly revived on
YPD agar plates and grown at 30 °C before each study to
ensure the revival of the strains (Fig. S1).

Table1 List of C. albicans

Genome Reference

. R Name Strain
strains used in this study
4861 BWP17
PY3375 Adrs2

ura3A::Aimmd434/ura3A::Aimm434
his1A::hisG/his1 A::his
arg4::hisG/arg4A::hisG
ura3A::Aimm434/ura3 A::Aimm434
his1A::hisG/his1A::his
arg4::hisG/arg4 A::hisG drs2A::HIS1/
drs2A::URA3 RP10::ARG4

Wilson et al. (1999)

Labboiu et al. (2017)
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R6G extracellular efflux assay

The efflux of R6G was determined essentially using a
previously described protocol (Singh et al. 2018). Briefly,
approximately 1 x 10° yeast cells (WT and Adrs2 mutant)
from an overnight-grown culture were transferred to a
YPD medium and allowed to grow overnight. Cells were
pelleted, washed twice with phosphate-buffered saline
(PBS) (without glucose), and resuspended as a 2% cell
suspension, corresponding to 108 cells (wt/vol) in PBS
without glucose. The cells were then de-energized for
45 min in 2-DOG (5 mM) and 2,4 DNP (5 mM) in PBS
(without glucose). The de-energized cells were pelleted,
washed, and resuspended as a 2% cell suspension (w/v)
in PBS without glucose, to which R6G was added at a
final concentration of 10 pM and incubated for 40 min
at 30 °C. The equilibrated cells with R6G were then
washed and resuspended as a 2% cell suspension (w/v)
in PBS without glucose. Samples with a volume of 1 ml
were withdrawn at the indicated time and centrifuged at
2500 x g for 2 min. The supernatant was collected, and
OD was measured at 527 nm. Energy-dependent efflux
(at the indicated time) was measured after the addition
of glucose (2%) to the cells resuspended in PBS (without
glucose). Glucose-free controls were included in all the
experiments. For the flow cytometric analysis of R6G
extrusion, the abovementioned protocol was followed
and R6G (10 pM) was added before the final incubation
of 40 min. The equilibrated cells with R6G were then
washed and resuspended as a 2% cell suspension (w/v)
in PBS without glucose. Samples with a volume of 1 ml
were withdrawn at the indicated time and centrifuged at
2500 % g for 2 min. The supernatants were discarded, and
cells were taken for flow cytometry analysis. R6G accu-
mulation was measured by evaluating the MFI of R6G in
WT and Adrs2 mutant strains. The data were analyzed on
BD FACS (USA) using Suite software.

Quantitation of ergosterol

Sterols were extracted by the alcoholic KOH method, and
the percentage of ergosterol was calculated as described
previously (Singh et al. 2016a, b). Briefly, single C. albi-
cans colonies from an overnight YPD agar plate culture
of WT and Adrs2 mutant were used to inoculate 50 ml of
YPD. Both ergosterol and 24(28)DHE absorb at 285 nm,
whereas only 24(28)DHE absorbs at OD,3, nm. Ergos-
terol content was determined by subtracting the amount of
24(28)DHE (calculated from OD,,) from the total ergos-
terol plus 24(28)DHE content (calculated from OD,yg 5).
Ergosterol content was calculated as a percentage of the
wet weight of the cells with the following equations:

(222 x|

Pellet weight

[(58)7]

Pellet weight

%Ergosterol + %24(28)DHE =

%24 (28) DHE =

%Ergosterol = [%Ergosterol + %24(28)DHE] — [%24(28)

where F is the factor for dilution in petroleum ether and
290 and 518 are the E values (in percent per centimeter)
determined for crystalline ergosterol and 24(28)DHE,
respectively.

Membrane fluidity

To investigate the fluidity of the plasma membrane in WT
and Adrs2 mutant, a fluorescent compound 1,6-diphe-
nyl-1,3,5-hexatriene (DPH) was used in the study. It binds to
the membrane lipid acyl groups when it is intercalated into
lipid membranes emitting fluorescence. The cells incubated
were harvested and resuspended in PBS. Then, the cells were
fixed with 37% formaldehyde and washed thrice with cold
PBS. Subsequently, the cells were frozen, thawed, incubated
with 6 mmol DPH at 28 °C for 45 min, and washed thrice
with PBS. The intensity of DPH fluorescence was analyzed
using a spectrofluorometer (Agilent Technology, USA) at
excitation and emission wavelengths of 350 and 425 nm,
respectively (Fatima and Hameed 2020; Singh et al. 2020).

Yeast to hyphal transition

Yeast to hyphal induction for C. albicans was carried out
on hyphal induction media such as serum (10% v/v serum
in YPD), Spider, and SLAD. The dimorphic switching was
performed using the protocol described elsewhere (Singh
et al. 2016a, b). Briefly, the WT and Adrs2 mutant culture
were grown overnight at 30 °C in YPD broth before each
study. The revived cells were harvested by centrifugation at
5000 % g for 3 min and washed twice and incubated at 37 °C
for 6 h with PBS without glucose to induce starvation. After
incubation, the cells were transferred to the required media
for hyphal growth, and hyphae were observed under the light
microscope at magnification of 40 x and 4 X for liquid and
solid media, respectively.

Biofilm formation

The formation of biofilm in WT and Adrs2 mutant was
assessed by the method described elsewhere (Singh et al.
2016a, 2016b). Candida biofilms were checked on the
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polystyrene surface of 96-well plates. Candida cell suspen-
sion was prepared of 1x 107 cells/ml in PBS, and 100 pl of
cells was seeded in each well of 96-well plate and incubated
for 90 min at 37 °C with shaking. After incubation, the non-
adhered cells were removed by gentle washing with PBS.
Fresh 200 pl YPD media were added to adhered cells in each
well for 24 h at 37 °C. The cells were washed for biofilm
visualization and stained with CV (0.05% w/v) in the wells
and kept for 1 min. The extra stain was removed by washing
with PBS, and stained biofilm was observed under the light
microscope at 40 X magnification.

For quantification of biofilm formed in wells of 96-well
plate, tetrazolium salt 3-[4,5-dimethylthiazol-2-y1]-2,5-di-
phenyltetrazolium bromide (MTT) was used (Singh et al.
2016a, 2016b). Fifty microliters of MTT was prepared (stock
solution containing 5 mg/ml, diluted 1:5 in pre-warmed
0.15 M PBS prior to addition) and added to each well. Plates
were incubated at 37 °C for 5 h. After incubation, 200 pl of
dimethyl sulfoxide (DMSO) was added to each well which
results in the solubilization of the MTT formazan product
and OD,5, was measured. The inhibition of biofilm was
measured by calculating the metabolic activity in percent-
age by comparison of WT and Adrs2 mutant.

Phagocytosis and killing assay

THP-1 cells were grown in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS). To differentiate from
monocyte to macrophage, the cells were treated with 15 nM
phorbol myristate acetate (PMA) for 48 h and then washed
three times. Cells were seeded with fresh media for 1 day to
overcome the stress induction by PMA before infection. The
WT and Adrs2 mutant C. albicans were grown to log phase
in YPD media at 30 °C. Prior to infection, 1 ml cultures of
each Candida strain were pelleted for 2 min, resuspended in
RPMI 1640, vortexed for 2 min, and pass-through syringe
(26-gauge needle) for 2-3 times. Macrophages were infected
with C. albicans to ensure an infection ratio of 5:1 (patho-
gen/host) for 4 h, followed by treatment of amikacin (200 pg/
ml) to kill the cells outside the macrophage. Then, cells were
washed with PBS and resuspended with RPMI supplemented
with 10% FBS. After 24 h of infection, supernatant was col-
lected. To determine the numbers of CFUs, supernatants
were aspirated, and monolayers were washed gently with
phosphate buffer solution (PBS) three times before being
lysed with 0.5% Triton-X. The lysates were serially diluted
in triplicate and plated on agar plates, and CFUs were deter-
mined as described previously (Liu et al. 2019).

Cytokine analysis

Supernatants of 24-h phagocytosed WT and Adrs2 mutant
from the above experiment were either stored at —20 °C

@ Springer

or tested for levels of cytokines IL-6 and IL-10 using an
enzyme-linked immunosorbent assay (ELISA) kit according
to the manufacturer’s (ABTS, Peprotech, USA) instructions
(Liu et al. 2019; Thompson et al. 2019).

Statistical analysis

All experiments were performed in triplicates (n=3). The
results were reported as mean + standard deviation (SD) and
analyzed using Student’s ¢ test in which p <0.05 was consid-
ered statistically significant.

Results
Efflux pump activity is impaired in Adrs2 mutant

Efflux pump functionality was assessed in WT and Adrs2
mutant strains, by using R6G as a substrate of efflux pump
transporters. We observed impaired R6G efflux in Adrs2
mutant in comparison with the WT strain (Fig. 1). Fur-
thermore, we also validated our result by performing flow
cytometric analysis using R6G and determined the mean
fluorescence intensity (MFI) values at O min, 15 min, and
45 min to check the R6G accumulation (Fig. 2). The increase
in MFI values in Adrs2 mutant with increasing time intervals
demonstrates the impaired extrusion of R6G.

Ergosterol content is reduced leading to increased
membrane fluidity in Adrs2 mutant

Further, we checked whether Drs2p deletion has any effect
on the cell membrane by quantifying the ergosterol content
in WT and Adrs2. The results depicted a decrease in ergos-
terol content in Adrs2 mutant by 37% (Fig. 3). Additionally,
we explored that membrane fluidity was enhanced in Adrs2
mutant as revealed by enhanced fluorescence of membrane
permeate probe DPH as described in methods (Fig. 4).

Yeast to hyphal transition and biofilm formation
is inhibited in Adrs2 mutant

Next, we sought to examine the effect of Drs2p deletion on
hyphal morphogenesis using hyphae-inducing media such
as SLAD (solid media), serum, and Spider (liquid media).
The result demonstrates the inhibition of hyphae formation
in Adrs2 mutant while WT cells display filamentation in
all the above-tested media (Fig. 5). Further, we studied the
biofilm formation in Adrs2. Firstly, the qualitative visu-
alization of biofilm was assessed using CV staining. We
observed a decrease in biofilm formation in Adrs2 mutant
in comparison with WT cells (Fig. 6a). The biofilm inhi-
bition was then quantitatively validated by an MTT assay
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Fig. 1 Effect of Drs2p deletion
on R6G efflux. Efflux pump 0.4 4
activity is estimated by measur-
ing extracellular concentrations 0.35
of R6G in C. albicans WT and
Adrs2 mutant cells. Negative 03 4 —=4—WT (- glucose)
controls represent C. albicans E —&— WT (+ glucose)
de-energized cells without 5 025 - —&—Adrs2 (- glucose)
glucose.'Mean of ODs,; +SD < B Adrs2 (+ glucose)
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Fig.2 Flow cytometric analysis of R6G efflux. Left panel represents
histograms of WT (red) Adrs2 mutant (blue) cells stained with R6G.
Green histogram represents the unstained cells as negative control.

that estimated the metabolic activity of the biofilm forma-
tion. As expected, we found reduced metabolic activity in
Adrs2 mutant that confirmed impaired biofilm formation
(Fig. 6b).

Right panel represents MFI of R6G (10 pM) accumulation in WT
and Adrs2 mutant strains depicted at 0-min, 15-min, and 45-min time
points and asterisk depicts p value <0.05

Macrophage killing is enhanced with Adrs2 mutant

The growth inside the macrophage of Candida WT and
Adrs2 mutant was indirectly determined by colony-forming
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Fig.3 Effect of Drs2p deletion on ergosterol content. Upper panel
shows UV spectrophotometric ergosterol profiles of C. albicans
WT and Adrs2 mutant cells scanned between 220 and 300 nm from
overnight grown cultures. Lower panel shows relative percentages of
ergosterol content in the presence WT and Adrs2 mutant. Mean of %
ergosterol levels is calculated as described in “Material and methods”
section normalized by considering the untreated control as 100+ SD
of three independent sets of experiments is depicted on y-axis, and
asterisk depicts p value <0.05

unit (CFU) to estimate the phagocytosis through macrophage
killing assay. We monitored the CFU after 24-h infection
and found that the infected macrophages with Adrs2 mutant
showed decreased fungal growth with 79 CFU log10°/ml
contrary to WT depicting 125 x CFU log10>/ml suggesting
enhanced phagocytosis (Fig. 7).

Cytokine production is altered in Adrs2 mutant

Next, we aimed to assess whether deletion of Drs2p affected
the ability of C. albicans to stimulate cytokine production by
THP-1 cell lines. We checked the level of both pro-inflam-
matory and anti-inflammatory cytokine secretion of THP-1
cells upon Adrs2 mutant infection. After Candida phago-
cytosis of 24 h, THP-1 cell supernatants were collected,
and cytokine (IL-6 and IL-10) levels were determined by
ELISA (see “Material and methods” section). We explored
enhanced production of the pro-inflammatory cytokine,
IL-6 (Fig. 8a), in THP-1-infected cells with Adrs2 mutant
and a decrease in anti-inflammatory cytokine IL-10 levels
(Fig. 8b).

Discussion

Searching for new drugs is always a viable a strategy, but it
is a time-taking process and involves multiple clinical trials.
The other alternative could be the identification of novel tar-
gets, which is specific for C. albicans such as mechanisms in
ion signaling and transduction network that regulates essen-
tial pathways specific to fungal survival (Li et al. 2018). The
central biosynthetic pathways in C. albicans can be stud-
ied for antifungal targets that help C. albicans to adapt its

Fig.4 Effect of Drs2p deletion %
on membrane fluidity. DPH
fluorescence assay to assess
membrane fluidity in WT and 70
Adrs2 mutant strains. Mean
fluorescent intensity (MFI) from 60 == Adrs2
three independent experiments é’ -—WT
is plotted on y-axis and wave- E Z 5
length on x-axis =g
=
= >
[} 4
2 ; 40
S
< )
@ o
2 LS 30 4
5%
s
<] 20 -
10 -
0 T T T T T T T )
420 425 430 435 440 445 450 455 460
Wavelegnth (in nm)
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Fig.5 Effect of Drs2p deletion
on yeast to hyphal transition.

Upper panel shows hyphal mor-
phogenesis in the liquid hyphal-
inducing media (YPD with 10%
serum and Spider media) in the
WT and Adrs2 mutant at 4 h
(magnification 40 X). Lower
panel shows hyphal morphogen-
esis in the solid hyphal inducing
medium (SLAD) in the WT

and Adrs2 mutant at 6 days
(magnification 4 X). Scale bar

Serum

represents 25 pm

Spider

SLAD

metabolism for maximal virulence in host cells (Wijnants
et al. 2022). P-type ATPases are a large family of ubiqui-
tous transmembrane transporters, which are involved in the
transportation of cations or metal ions across the membrane.
They are divided into five classes, viz. P1 to P5, and some
members of this subfamily such as the P4 type are specifi-
cally involved in the translocation of phospholipids to create
membrane lipid asymmetry and thereby regulate cell divi-
sion and vesicle-mediated transport in the secretory pathways
(Zhou et al. 2013). There are five P4-type ATPases such as
Dnflp, Dnf2p, Dnf3p, Drs2p, and Neolp known as lipid flip-
pase or aminophospholipid translocase in Saccharomyces
cerevisiae (yeast). Among them, the Drs2p forms a complex
with Cdc50p, which is a non-catalytic unit. The amino phos-
pholipids, PE, and PS are the most favorable substrates of
Drs2p. Amino phospholipid transporter Drs2p localizes to
the trans-Golgi network and is involved in protein and lipid
transport (Natarajan et al. 2004). The present study aimed to
further elucidate the role of this aminophospholipid translo-
case and explored the multifaceted effects of Drs2p deletion
in C. albicans. Most strikingly, we have exposed the linkage
of Drs2p deletion with major MDR mechanisms and immune
recognition in C. albicans.

It is well established that overexpression of drug efflux
pumps localized on the cell membrane is majorly respon-
sible for MDR development in C. albicans (Prasad et al.
2016, 2019). Hence, R6G efflux was monitored in Adrs2,
and it was confirmed that R6G efflux was impaired in Adrs2
mutant in comparison to WT (Fig. 1). This result was further
validated by flow cytometry analysis which demonstrated
enhanced MFI values in the case of R6G-stained Adrs2
mutant strain in comparison with WT (Fig. 2). This was
indicative of the impaired activity of drug transporters in
Adrs2. Additionally, we could detect some cell population
at zero time point in WT which could be due to the pres-
ence of some heterogenous cells in different morphologi-
cal states or life cycle showing differential R6G accumula-
tion but was ignored for result interpretation. Since the cell
membrane is the main target of antifungal drugs such as
azoles and impairment of efflux pump activity found in this
study led us to observe the cell membrane more intricately.
Ergosterol is a crucial component of the cell membrane in
Candida and targets for drugs belonging to the azole class
(Barrett-Bee and Dixon 1995). We found that ergosterol
content was significantly reduced by 37% in Adrs2 mutant
(Fig. 3). Decreased ergosterol content in Adrs2 mutant could
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Fig.6 Effect of Drs2p dele-
tion on biofilm formation. (a)
Crystal violet staining showing
biofilm formation in the WT
and Adrs2 mutant strains. (b)
Metabolic activity of bio-

film depicted as a bar graph
and quantified using MTT
assay. Data are expressed as
mean + SD of three independ-
ent sets of experiments; asterisk
depicts p value <0.05

(b) 24 4

2.2 4

1.8 A

Absorbance at 450 nm

1.4 4

1.2 A

Adrs2

140

120

100 -

80 -

60 -

CFU log 105 /ml

40 -

20 -

Adrs2

Fig.7 Effect of Drs2p deletion on macrophage killing ability. Bar
graph represents CFU log10.5/ml on y-axis after 24-h infection with
WT and Adrs2 mutant depicting the killing of C. albicans by mac-
rophages. Data are expressed as mean+ SD of three independent sets
of experiments. Asterisk depicts p value <0.05

also explain the abrogated efflux pump activities observed
above because ABC transporters are preferentially local-
ized to membrane raft region which is rich in ergosterol
(Pasrija et al. 2008). Ergosterol is also known to regulate

@ Springer

membrane fluidity due to its planar and rigid structure.
Thus, any changes in ergosterol content could influence the
membrane fluidity (Prasad et al. 2006). To our expectation,
we observed enhanced membrane fluidity in Adrs2 mutant
(Fig. 4) commensurate with the decreased ergosterol con-
tent observed in this study. All these results reinforce the
fact that membrane homeostasis is disrupted in the Adrs2
mutant. These observations are also commensurate with the
fact that Adrs2 mutant showed enhanced sensitivity towards
fluconazole (Labbaoui et al. 2017).

Virulence traits such as yeast to hyphal transition and
biofilm formation play a crucial role in the pathogenesis
of C. albicans. The dimorphic nature of C. albicans is
due to its ability for hyphal morphogenesis important for
host tissue invasion. The other contributor to the develop-
ment of MDR is biofilms which are highly drug-resistant
structures formed by C. albicans and the reason behind
hospital-acquired infections (Kuhn and Ghannoum
2004). Hence, we also investigated the effect of drs2p
deletion on both virulence traits such as yeast to hyphal
transition and biofilm formation. Interestingly, we found
inhibited hyphal growth in Adrs2 mutant in all the tested
hyphal-inducing media (Fig. 5). This result prompted us
to check the effect on biofilm formation since hyphal
formation is a pre-requisite for biofilm formation (Gulati
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Fig.8 Effect of Drs2p deletion on cytokine production. Bar graph
represents cytokine levels measured in pg/ml on y-axis after 24-h
infection with WT and Adrs2 mutant. Supernatants were collected

and Nobile 2016). The reduction in biofilm formation in
Adrs2 mutant was evident by reduced CV staining and
MTT assay depicting lower metabolic activity (Fig. 6).
The biofilm formation in C. albicans is often attributed
to the changes in the class of phospholipids and lipid
raft formation levels. It is known that lipids contribute
to pathogenicity, biofilm formation, drug resistance, and
extracellular vesicular secretion (Rella et al. 2016). The
alteration in lipid profiles could influence the cellular
physiology and shape of C. albicans. In the early and

Fig.9 Summary of disrupted
mechanisms upon Drs2p dele-
tion in C. albicans

Drs2p deletion

after infection and analyzed with specific ELISA for pro-inflamma-
tory cytokines (a) IL-6 and (b) IL-10. The results represent the means
of three independent experiments; asterisk depicts p value <0.05

mature stages of biofilm formation, levels of phospholip-
ids such as PS, PE, PC, and PA were found to be higher
with respect to planktonic cells (Alim et al. 2018). The
reduced biofilm formation in the present study is only
fitting as it is expected that phospholipid profile will be
altered in Adrs2 mutant and thereby the biofilm forma-
tion ability. The efflux pumps involved in drug resistance
also coordinate in the biofilm formation as evident from
the increased susceptibility of mutants of efflux pump
transporters towards fluconazole in the early phase of
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Membrane tent
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fluidity
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hyphal transition
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biofilm formation (Mukherjee et al. 2003). Similarly, the
link between ergosterol and biofilm formation is also
demonstrated as alterations in lipid rafts influence bio-
film formation (Lattif et al. 2011; Alim et al. 2018).

Lastly, in vivo studies using THP1 cell lines demon-
strated how the host—pathogen interactions are affected
with C. albicans Adrs2 mutant strain. C. albicans can
colonize and invade tissues in the human host, exhibiting
crucial mechanisms to facilitate their own survival and
disseminate the infections at different niches. However,
host cells also exhibit several defense mechanisms to
evade the C. albicans infections from host tissues. One
of the defense responses is induction of phagocytosis
by macrophage-mediated killing and immunomodula-
tion by the production of cytokines (Marddi et al. 1991;
Képoszta et al. 1998). Macrophages represent a part
of the first line of defense in immune responses and
are distributed at various sites of tissues (Brunke and
Hube 2013). They are important as they restrict the C.
albicans infections and activate other immune effector
cells (Krysan et al. 2014). In our study, we explored that
phagocytosis is enhanced in Adrs2 mutant through mac-
rophage killing assay as revealed by low CFU hinting its
vulnerability to cause infection (Fig. 7). During phago-
cytosis, macrophages are known to secrete various pro-
and anti-inflammatory cytokines in response to C. albi-
cans infections (Jacobsen et al. 2012). The increase in
production of pro-inflammatory cytokine IL-6 (Fig. 8a)
demonstrates the activation of immune responses and
shows the potential of host cells to control infections. On
the contrary, the decrease in anti-inflammatory cytokine
IL-10 (Fig. 8b) which regulates inflammation and gov-
erns a wide variety of immune responses supports the
enhanced susceptibility of Adrs2 mutant by host immune
cells to suppress the infection progression. The constant
presence of C. albicans with the feeble inflammatory
response is one of the biggest hurdles in the treatment
of systemic fungal infections. These observations sup-
ported the credibility that deletion of aminophospholipid
translocase Drs2p enhances the immune recognition of
C. albicans and led to phagocytosis.

Conclusion

With the growing appreciation of the emerging role of
lipids in MDR acquisition, the present study has projected
the role of Drs2p in governing drug resistance mechanisms
and immune recognition. Overall, the results depicted the
significance of C. albicans Drs2p for functional efflux pump
activity, membrane homeostasis, virulence attributes, and
host—pathogen interaction (Fig. 9); however, further studies

@ Springer

will be needed to unravel the crosstalk if any among the
disrupted traits.
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