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ABSTRACT There is a rising global incidence of Candida strains with high levels of re-
sistance to fluconazole and other antifungal drugs, hence the need for novel antifungal
treatment strategies. Here, we describe the first evidence of antifungal activity of Q-
Griffithsin (Q-GRFT), a recombinant oxidation-resistant variant of Griffithsin, a marine red
algal lectin with broad-spectrum antiviral activity. We demonstrated that Q-GRFT binds
to @-mannan in the Candida albicans cell wall. We also observed that Q-GRFT binding
disrupted cell wall integrity and induced reactive oxidative species (ROS) formation,
resulting in cell death. Furthermore, we showed that Q-GRFT inhibited the growth of
other Candida species C. glabrata, C. parapsilosis, and C. krusei and had modest activity
against some strains of multi- and pandrug-resistant C. auris. We found that Q-GRFT
induced differential expression of numerous genes involved in response to cell stress,
including those responsible for neutralizing ROS production and cell cycle regulation. In
conclusion, this novel antifungal activity suggests that Q-GRFT is potentially an ideal
drug candidate and represents an alternative strategy for the prevention and treatment
of candidiasis.

IMPORTANCE Fungal infections contribute to morbidity and mortality annually, and the
number of organisms that are nonresponsive to the current available drug regimens
are on the rise. There is a need to develop new agents to counter these infections and
to add to the limited arsenal available to treat fungal infections. Our study has identi-
fied Q-GRFT, a broad-spectrum antiviral protein that harbors growth-inhibitory activity
against several Candida strains, as a potential candidate for the prevention and treatment
of fungal infections.
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ong-term antifungal drug use, recurrent mucosal infections including chronic mucocu-

taneous candidiasis in human immunodeficiency virus (HIV) infection, and suboptimal
mycotic-infection control have led to an increasing incidence of drug resistance (1, 2). In
particular there are increasing reports of Candida species that demonstrate high resistance
to fluconazole and other antifungal drugs (3). This problem is further complicated by the
narrow spectrum and limited arsenal of currently available options, which include only pol-
yenes, azoles, echinocandins, and flucytosine for invasive infections and allylamines for
dermal mycoses (4-7). In addition, these current agents have been associated with toxicity
and drug interactions, subsequently limiting their utility and contributing to the high mor-
bidity and mortality in fungal infections (8, 9). Being eukaryotic organisms, Candida and
fungi in general, unlike other microbes, such as bacteria, are closely related to humans
and, hence, have a limited number of molecules that can be selected or identified as tar-
gets for the development of antimycotic agents (4, 6).

The latest Centers for Disease Control and Prevention (CDC) report, Antibiotic Resistance
Threats in the United States, 2019, highlights the growing concern about fungal infections.
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In this report, drug-resistant Candida auris has been named an emerging urgent threat
and drug-resistant Candida a serious threat, while azole-resistant Aspergillus fumigatus is
on the watch list (10). This is in contrast to the previous 2013 report, which included fluco-
nazole-resistant Candida as the only fungus that warranted attention as a serious threat
then (11). Drug-resistant Candida species like Candida albicans, Candida parapsilosis,
Candida krusei, and Candida glabrata account for more than 34,000 cases and 1,700 deaths
annually (10, 12). Indeed, Candida species cause severe invasive infections that may often
be difficult to differentiate from other systemic infections (13, 14). These include urinary
tract infections, bloodstream infections, otitis, meningitis, wound infections, bone infec-
tions, myocarditis, and skin abscesses (15, 16). The difficulty involved in providing a defini-
tive diagnosis for Candida infections, including C. auris, complicates early detection, further
making treatment a challenge (17, 18). Typically, fungal infections are considered only
when fever persists following antibiotic use (14). In addition, standard diagnostic
approaches necessitate blood cultures, which are slow and often have sensitivities as
low as 17% or 45% (14, 19, 20). Furthermore, drug-resistant C. auris has been associ-
ated with mortality rates ranging from 30% to 72% worldwide (13, 21-25), with some
studies attributing 43% overall mortality to candidemia (26). Consequently, the diffi-
culty in managing the treatment of patients with multidrug-resistant Candida species
and pandrug-resistant isolates of Candida auris in the United States and globally (27—
29) underscores the urgent need to develop new antifungal agents and therapeutic
strategies.

Lectins are proteins that possess the ability to bind carbohydrates, often with high
affinity and specificity (30). Griffithsin (GRFT) is an antiviral lectin originally derived
from the red alga Griffithsia sp. and has been widely studied for its potent and broad-
spectrum activity against human immunodeficiency virus (HIV) and other viruses (31—
33). Native GRFT, a domain-swapped homodimer, binds to glycoproteins in the viral
envelope and outer structure in a monosaccharide-dependent manner (30, 31, 34-37).
GRFT's antiviral properties are based on efficient and effective binding to oligosaccha-
rides with mannose terminal branches (36). Additionally, GRFT binds to N-acetylglucos-
amine (GIcNAc) and glucose, albeit with lower affinities than to mannose (36). In the
course of optimizing topical formulation strategies for GRFT-based microbicides, we dis-
covered that a surface methionine residue at amino acid 78 was susceptible to oxidation
and might therefore have a deleterious effect on product stability (38). We replaced this
moiety with a glutamine (Q) residue and found that this molecule (Q-GRFT) has superior
environmental stability with antiviral activity similar to that of GRFT and is hence more suit-
able for clinical development than the wild-type molecule. A rectal enema formulation of
Q-GRFT designed to be a coitally dependent preexposure prophylaxis method was recently
administered to volunteers in a first-in-humans clinical trial for prevention of HIV infection
(ClinicalTrials.gov identifier NCT04032717) (39).

While investigating the mucosal interactions of Q-GRFT with gut microbiota, we dis-
covered a novel, hitherto unreported antifungal activity of this lectin. Here, we present
the findings of the impact of Q-GRFT on the growth of Candida spp. and identify a pos-
sible mechanism of antifungal activity in vitro. These findings support further explora-
tion and development of Q-GRFT as an antifungal agent.

RESULTS

Effect of Q-GRFT on the growth of rectal microbiome (bacterial) components.
While exploring the impacts on the proteome and microbiome when GRFT was applied
topically as a rectal gel in nonhuman primates, Girard et al. (40) found that the lectin
induced small but significant increases in the relative abundances of Ruminococcaceae
NK4A214 and Christensenellaceae R-7, but the effect was not sustained at 7 days post-
application. No other significant effects were observed in Rhesus macaque rectal
microbiota after application of the gel. Against this background, we investigated the
effect of Q-GRFT on the growth of representative bacteria found in the human gut,
including Lactobacillus acidophilus, Lactobacillus casei, Escherichia coli strain K-12,
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FIG 1 Effect of Q-GRFT on the growth of select bacterial species found in the human gut. (A) Lactobacillus acidophilus; (B) Lactobacillus casei; (C) Escherichia
coli K-12; (D) Bifidobacterium longum subsp. longum ATCC 15707; (E) Clostridium difficile ATCC 51695-F2; (F) enterotoxigenic Bacteroides fragilis; and (G)
nontoxigenic Bacteroides fragilis. Microbiome components were incubated with various concentrations of Q-GRFT, PBS vehicle, or control antibiotics in
broth media, and growth monitored periodically by determining OD measurements using a plate reader. Data are mean values = SD from at least 3

independent experiments.

Bifidobacterium longum subsp. longum strain ATCC 15707, Clostridium difficile strain
ATCC 51695-F2, enterotoxigenic Bacteroides fragilis, and nontoxigenic Bacteroides fra-
gilis (Fig. 1). The selected bacterial components were incubated in the presence of
various concentrations of Q-GRFT in broth media, and growth was established by
determining optical density (OD) measurements over time using a plate reader. Q-
GRFT had no detectable impact on the growth of any of the bacterial species tested.
We then tested Q-GRFT’s growth-inhibitory activity against select disease-causative
pathogens for sexually transmitted infections, Chlamydia trachomatis and Neisseria gonorrhea.
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FIG 2 Effect of Q-GRFT on the growth of Candida albicans. (A) Candida albicans ATCC 32032 at a concentration of 1.0 x 10° cells/ml was incubated with
various concentrations of Q-GRFT and fluconazole control at 37°C in Sabouraud dextrose culture medium, and growth monitored at 24, 48, and 72 h. (B) C.
albicans (1.0 x 10* cells/ml) was incubated with different concentrations of the mutant Q-GRFT and Q-GRFT'*c "9 (7.80 M and 0.78 M), with fluconazole
(3.3 mM) and PBS as controls, at 37°C in Sabouraud dextrose culture medium. Growth was monitored at 24, 48, and 72 h. Fungal counts were performed
using either a Bio-Rad TC10 automated cell counter or an ECHO Rebel hybrid microscope (RBLTEW31). Both experiments were performed in triplicate.
Representative data (mean values * SD) from at least 3 independent experiments are shown.

There was no detectable impact of Q-GRFT on the in vitro growth of Chlamydia trachoma-
tis and Neisseria gonorrhea (Tables S1 and S2 and Fig. S1 in the supplemental material).

Effect of Q-GRFT on the growth of Candida albicans. Since yeasts and fungi are uni-
versally present in gut microbial communities (41), we next investigated the impact of
Q-GRFT on the growth of Candida albicans strain ATCC 32032, as a representative of
the gut fungal community. Yeast counts were determined using a Bio-Rad TC10 auto-
mated cell counter (Bio-Rad Laboratories, Singapore) or an Echo Rebel hybrid micro-
scope (RBLTEW31; Echo, San Diego, CA, USA). Following incubation with Candida albi-
cans for 24, 48, and 72 h (Fig. 2A), Q-GRFT significantly inhibited fungal growth at all
concentrations tested (7.80 uM, 0.78 uM, and 0.078 M) (P < 0.0001). Next, we sought
to confirm Q-GRFT's growth-inhibitory activity by incubating C. albicans with a Q-GRFT
variant, Q-GRFT'ec red (mutant Q-GRFT), that is devoid of its glycan binding ability.
Incubation of C. albicans with various concentrations of Q-GRFT'sc "< for up to 72 h did
not demonstrate any inhibitory impact on growth (Fig. 2B), suggesting a role of Q-
GRFT's binding in fungal inhibitory activity.

Q-GRFT’s growth-inhibitory activity is dependent on the lectin’s binding to
Candida albicans. Since Q-GRFT inhibited the growth of C. albicans, we sought to confirm
if this activity was dependent on Q-GRFT binding. C. albicans (1.0 x 10° cells/ml) was cul-
tured overnight with fluorescein-labeled Q-GRFT, unlabeled Q-GRFT, or fluorescein-labeled
Q-GRFT'ec reg, Cells were then centrifuged and washed, and the fluorescence intensity of
the pellet determined. C. albicans incubated with fluorescein—-Q-GRFT displayed the high-
est fluorescence intensity compared to the nonlabeled Q-GRFT (P < 0.0001) and fluores-
cein—Q-GRFT'ec ne9 (P < 0.0001) (Fig. 3A). To confirm lectin binding, C. albicans was cultured
overnight with either fluorescein—-Q-GRFT, Q-GRFT, or fluorescein-Q-GRFT'®c "9 and the
cells visualized using fluorescence microscopy. Green fluorescence was observed around
yeast cells incubated with fluorescein-Q-GRFT, confirming Q-GRFT's binding to C. albicans
(Fig. 3B). No fluorescence was observed following incubation with fluorescein—-Q-GRFT'ec neg
(data not shown).

Q-GRFT binds to Candida albicans cell wall component a-mannan but not chitin or
B-glucan. In order to better understand the binding, we investigated the C. albicans
cell wall components to which Q-GRFT binds. Since the lectin bound to C. albicans, we
hypothesized that Q-GRFT likely binds to chitin, glucans, or mannans, which are pre-
dominant core components of the fungal cell wall (42, 43). In addition, chitin is a polymer
of N-acetyl-o-glucosamine (p-GIcNAc) (44), while mannan is an N-glycosylated polysaccha-
ride with oligomannose side chains and branch chain mannose residues (45). Furthermore,
B-glucans are composed of linking glucose units (42). These structures, therefore, provide
likely binding targets for lectins, including Q-GRFT (36). Using enzyme-linked immunosor-
bent assay (ELISA) binding assays (Fig. 4A), we determined the ability of Q-GRFT to bind to
plate-immobilized antigens a-mannan, B-glucan, and chitin. Q-GRFT bound to a-mannan
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FIG 3 Q-GRFT binds to Candida albicans. (A) Fluorescence intensity of Candida albicans cultured with fluorescein-Q-GRFT, Q-GRFT, or Q-GRFT'*c "9 at a
lectin concentration of 7.8 uM. ****, P < 0.0001. (B) Fluorescence microscopy following culture of Candida albicans with fluorescein-Q-GRFT. Green
fluorescence demonstrates localization to C. albicans cells. DAPI demonstrates DNA staining. Scale bars represent 3 um. Experiments were performed in
triplicate and repeated at least 3 times. The results shown are mean values = SD (A) and representative images of the microscopy studies (B).

with a 50% effective concentration (ECs,) of 23.47 ng/ml (95% confidence interval [Cl],
17.63 to 35.25 ng/ml). Q-GRFT did not bind to chitin or B-glucan. Because Q-GRFT binds to
gp120, we next sought to determine if the lectin’s binding to the glycoprotein was inhib-
ited in the presence of free and unbound cell wall component a-mannan, chitin, or 3-glu-
can in a competition assay. Additionally, as antigens attach to the solid interface in the
ELISA, they are likely to denature and/or undergo conformational changes that may affect
their interaction with other biomolecules (46). Therefore, Q-GRFT was incubated with free
a-mannan, chitin, or B-glucan prior to determining its binding to gp120. Q-GRFT’s binding
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FIG 4 (A) Q-GRFT binds to Candida albicans cell wall component a-mannan but not chitin or B-glucan. An ELISA binding assay was
performed, with the plate coated with 100 ul of @-mannan (20 wg/ml), chitin (2.0 mg/ml), or B-glucan (40 wg/ml). Q-GRFT's binding to these
components was then determined. (B) Unlike the low concentration (0.005 wg/ml), higher concentrations of a-mannan (0.5 wg/ml and
0.05 wg/ml) inhibited Q-GRFT’s binding to gp120 in a competition ELISA. (C and D) Q-GRFT was incubated with free (unbound) a-mannan and
its ability to bind gp120 determined. When incubated with free (unbound) chitin (C) and B-glucan (D), Q-GRFT's binding to gp120 was not
inhibited in a competition ELISA. Experiments were performed in triplicate and repeated at least 3 times. Representative data (mean values =
SD) from the experiments are shown.
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to gp120 was inhibited in the presence of high concentrations of @-mannan (Fig. 4B): the
ECs, in phosphate-buffered saline (PBS) was 72.46 ng/ml (95% Cl, 55.17 to 115.1 ng/ml),
while in @-mannan at 0.005 wg/ml, the ECy, was 79.35 ng/ml (95% Cl, 69.19 to 97.85 ng/
ml). However, Q-GRFT’s binding to gp120 was not inhibited in the presence of either free
chitin (Fig. 4C) or B-glucan (Fig. 4D). For the free-chitin-binding assay, the EC, of Q-GRFT in
PBS was 6.017 ng/ml (95% Cl, 5.227 to 6.992 ng/ml), the ECs, in 960 wg/ml chitin was
6.176 ng/ml (95% Cl, 5.451 to 7.043 ng/ml), the EC;, in 9.60 wg/ml chitin was 5.785 ng/ml
(95% Cl, 4.851 to 6.975), and the ECs, in 0.0960 wg/ml chitin was 7.295 ng/ml (95% Cl, 6.732
to 7.921). For the free-B-glucan-binding competition assay, the ECs, of Q-GRFT in PBS was
5.319 ng/ml (95% Cl, 4.734 to 5.991 ng/ml), the EC,, in 0.5 wg/ml B-glucan was 6.012 ng/
ml (95% Cl, 5.366 to 6.77 ng/ml), the ECs, in 0.05 ng/ml B-glucan was 7.917 ng/ml (95% Cl,
6.505 to 9.901 ng/ml), and the ECs, in 0.005 ng/ml B-glucan was 7.768 ng/ml (95% Cl,
5.896 to 10.58 ng/ml). The results from these binding studies confirmed that Q-GRFT binds
to a-mannan but not chitin or B-glucan in the C. albicans cell wall.

Effect of Q-GRFT on Candida albicans’ cell structure, integrity, and oxidative status.
Treatment of C. albicans with helianthus annus (Helja) lectin has been shown to alter
membrane permeability and induce intracellular formation of oxidative species (47).
Therefore, we hypothesized that Q-GRFT lectin may act similarly, altering fungal cell
wall permeability and inducing the expression of intracellular reactive oxygen species
(ROS), with subsequent cellular injury and/or damage, leading to cell death. To demonstrate
the impact on cell wall integrity, C. albicans was incubated with 7.8 M Q-GRFT overnight
at 37°C, followed by trypan blue staining, with the dye uptake demonstrating breached cell
wall/disrupted membrane integrity and penetration into dead/nonviable cells. Compared
to the staining in the PBS control, Q-GRFT treatment resulted in significant intracellular blue
staining, indicative of nonviable cells with impaired cell wall integrity (P < 0.0001) (Fig. 5A).
To further confirm disruption of cell wall and membrane integrity, we performed live/dead
cell viability staining of 7.8 wM Q-GRFT- and PBS control-treated C. albicans cells, with meas-
urements determined by flow cytometry (Fig. 5B and C). These cells were incubated at 37°C
overnight under the respective treatment conditions. Figure 5B shows a representative
image of the gating strategies for both Q-GRFT and PBS treatments. Fixable viability stain
780 (FVS780)-positive cells were considered dead cells with disrupted membrane integrity.
Q-GRFT treatment resulted in a significantly higher proportion of dead cells than the PBS
control treatment (P < 0.0001) (Fig. 5C).

To investigate the induction of ROS by Q-GRFT, C. albicans cells were incubated
overnight with 7.8 uM Q-GRFT followed by incubation with DAB (3,3'-diaminobenzi-
dine) for 2 h. In the presence of peroxides, DAB is oxidized to an insoluble brown pre-
cipitate that is visualized within cells using optical microscopy. Compared to the PBS
vehicle-treated control, a significantly large proportion of Candida albicans cells incu-
bated with Q-GRFT developed a brown intracellular precipitate. Quantification of this
effect revealed that the presence of peroxides was significantly higher (P < 0.0017) fol-
lowing Q-GRFT treatment than with PBS control (Fig. 5D). To confirm the presence of
ROS, we used the H,DCF-DA (2',7'-dichlorodihydrofluorescein diacetate) assay tech-
nique to profile the oxidative status of Q-GRFT-treated cells and PBS vehicle-treated
control cells. This assay is dependent on the ability of cellular esterase to cleave acetate
groups on H,DCF-DA, releasing an intermediate H,DCF product that reacts with ROS,
forming fluorescent DCF (2’,7'-dichlorofluorescein) (48). Compared with PBS vehicle-
treated control cells, Q-GRFT treatment was associated with higher fluorescence activ-
ity (P < 0.002 and P < 0.006 for 7.8 uM and 0.78 wM, respectively) following the
H,DCF assay (Fig. 5E). Centrifugation of cells during preparation for the H,DCF assay
may induce ROS formation, accounting for the low levels observed in the negative-
control (PBS vehicle-treated) cells (48). It is likely that differential Q-GRFT treatment
with various drug concentrations elicits dissimilar levels of cellular stress, accounting
for the differences in ROS formation for the 7.8 wM and 0.78 uM Q-GRFT treatments.

To further evaluate any structural changes to C. albicans following treatment with
Q-GRFT, high-resolution scanning electron microscopy (SEM) was performed for both
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FIG 5 Effects of Q-GRFT on Candida albicans’ cell integrity and oxidative status. (A) Yeast cells were incubated in the absence or presence of Q-GRFT
(7.8 wM) overnight at 37°C in Sabouraud dextrose medium, followed by staining with trypan blue to detect nonviable cells. Data are representative of
results from at least 3 experiments with 3 biological replicates (mean values = SD, P < 0.0001). (B) C. albicans (1.0 x 10° cells/ml) was incubated overnight
with either Q-GRFT 7.8 wM or PBS control, and cell viability determined using flow cytometry. Dead cells were identified as those that were able to take up
the dye. Representative gating strategy for both Q-GRFT-treated and PBS control-treated cells is presented. SSC, side scatter; FSC, forward scatter; A, area;
H, height; W, width. (C) Quantification of the percentages of dead cells obtained from flow cytometry measurements for Q-GRFT-treated and PBS-treated C.
albicans in the experiment whose results are shown in panel B. Experiments were performed three times, and representative data (mean values = SD,
P < 0.0001) are shown. (D) C. albicans cells were incubated with Q-GRFT (7.8 M) or PBS overnight, followed by incubation in the presence of 0.5 mg/ml
DAB for 2 h to detect hydrogen peroxide. Quantification of the proportion (percentage) of DAB-stained cells following either Q-GRFT or PBS treatment is
shown (mean = SD, P = 0.0017). (E) C. albicans was incubated overnight with Q-GRFT (7.8 and 0.78 «M) or medium only at 37°C. Cells were harvested, and
3.2 x 10° cells per treatment used for direct fluorescence experiments using the H,DCF-DA assay to determine reactive oxygen species (ROS) levels in the
cells. Experiments were performed in triplicate, and representative data (mean * SD) are shown (Q-GRFT 7.8 uM, P = 0.0015, and Q-GRFT 0.78 uM,
P = 0.0068).

Q-GRFT-treated cells and PBS vehicle-treated control cells (Fig. 6). Yeast cells were
treated with either 7.8 uM Q-GRFT or PBS vehicle and incubated overnight at 37°C
prior to imaging. The vehicle-treated control cells demonstrated a normal budding pat-
tern and were predominantly spherical to oval in shape (Fig. 6A), with polar buds and
bud scars (Fig. 6B) and smooth edges and surfaces (Fig. 6C). Q-GRFT-treated cells were
spherical to circular (Fig. 6D and E), rough in appearance, demonstrated desiccated
and wrinkled surfaces with uniform indentations (Fig. 6E and F), and had a loss of polar
budding (Fig. 6F).

Impact of Q-GRFT on the growth of non-albicans Candida species. Given the recent
increase in Candida species resistance to antifungal drugs (3), we next investigated the
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FIG 6 C. albicans surface phenotype following treatment with Q-GRFT. C. albicans was grown overnight in Sabouraud dextrose medium in the presence of
either PBS vehicle (A to C) or 7.8 uM Q-GRFT (D and E) at 37°C. Cells were then observed by SEM. (A) Budding morphology of C. albicans. Note the
spherical to oval appearance of cells. Magnification, x7,500. (B) Cells with smooth surface, polar budding, and bud scars (arrows). Magnification, x10,000.
(C) Note the smooth cell surface and absence of any ‘nonpolar’ bud scars. Magnification, x12,500. (D) Cells with spherical to circular shape with rough
surface. Magnification, x7500. (E) Note the rough surface and uniform indentations with a desiccated and wrinkled appearance. Magnification, x10,000. (F)
Note the loss of polar budding, more circular appearance, and cells with multiple bud scars (arrows). Magnification, x17,500.

impact of Q-GRFT on the growth of human-pathogenic non-albicans Candida species,
including the multidrug-resistant (MDR) Candida auris. Most of the C. auris strains iso-
lated from patients and identified in the United States belong to clades originating
from South America and South Asia (49). We therefore tested Q-GRFT's growth-inhibi-
tory activity on representative isolates from these and other clades, including strains C.
auris CDC388 and C. auris CDC389 from a South Asian clade, C. auris CDC385 and C.
auris CDC386 from a South American clade, and C. auris CDC383 and C. guris CDC384
from an African clade. The other non-albicans Candida species tested included Candida
glabrata CDC316, Candida krusei CDC397, and Candida parapsilosis CDC337. Q-GRFT
was incubated with Candida glabrata, Candida krusei, and Candida parapsilosis at 37°C
and growth monitored periodically using a cell counter, at 24, 48, and 72 h. Compared
to the growth in the medium control, Q-GRFT significantly inhibited the growth of all
the species tested, with the greatest effect demonstrated with the 7.80 M lectin con-
centration (P < 0.0001 for all species and concentrations tested) (Fig. 7A to C). When
incubated with Candida auris, Q-GRFT significantly inhibited the growth of strains
Candida auris CDC388 and Candida auris CDC389 (P < 0.0001 for both lectin concen-
trations tested, 0.78 uM and 7.8 uM) (Fig. 7D and E). There was no observable impact
on the growth of strains Candida auris CDC383 (Fig. 7F), Candida auris CDC384
(Fig. 7G), Candida auris CDC385 (Fig. 7H), and Candida auris CDC386 (Fig. 71).

MICs for Q-GRFT against Candida spp. Starting with a maximum concentration of
95 ug/ml, MICs were determined for Q-GRFT's activity against different Candida strains and
isolates and are summarized in Table 1. The MIC,,s for Q-GRFT against C. albicans, C. glabrata,
C. parapsilosis, C. krusei, C. auris CDC388, and C. auris CDC389 were 6, 95, 24, 95, 48, and
95 ng/ml, respectively, while the MICy, against C. albicans, C. parapsilosis, and C. auris CDC389
was 95 ug/ml for all isolates.

Q-GRFT treatment alters the expression of multiple genes important in Candida
albicans growth. To better understand the impact of Q-GRFT on C. albicans growth and
metabolism, we sought to determine the differential mRNA expression profile upon Q-GRFT
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FIG 7 Impact of Q-GRFT on growth of non-albicans Candida species at 24, 48, and 72 h. (A) Candida glabrata CDC316; (B) Candida krusei CDC397; (C)
Candida parapsilosis CDC337 and multidrug-resistant Candida auris strains; (D) Candida auris CDC389; (E) Candida auris CDC389; (F) Candida auris CDC383;

(Continued on next page)
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TABLE 1 MIC,,s and MIC,,s for Q-GRFT against different Candida species

Value (uzg/ml) for:

Candida isolate MIC,, MIC,,
Candida albicans ATCC 32020 6 95
Candida glabrata CDC316 95

Candida parapsilosis CDC337 24 95
Candida krusei CDC397 95

Candida auris CDC388 48 95
Candida auris CDC389 95

treatment. C. albicans was treated overnight with 7.8 uM Q-GRFT (1QG), 0.78 uM Q-GRFT
(2QG), or 7.8 uM Q-GRFT*c reg (3QG), and comparisons were made with the PBS vehicle-
treated controls (VC) following RNA isolation and sequencing. The principal-component anal-
ysis (PCA) results showed that the experimental groups clearly had good separation based on
treatment status (Fig. 8A). Differential expression analysis was performed for the different
treatments using DESeq2. Compared to the gene expression in VC, Venn diagram analysis
showing shared differentially expressed genes (DEGs) for all DEGs demonstrated that totals of
2,377,542, and 1,559 genes were differentially expressed following 1QG, 2QG, and 3QG treat-
ment, respectively (Fig. 8B). Of the 2,377 DEGs in the 1QG group, 209 were uniquely
expressed by both the 1QG and 2QG groups, while 816 were uniquely expressed by both the
1QG and 3QG groups. Additionally, of the 542 DEGs in the 2QG group, 32 were uniquely
expressed by both the 2QG and 3QG groups. Two hundred eighteen DEGs were similar
among all 3 treatment groups. Treatment in the 1QG group resulted in 1,134 DEGs unique to
only this group, while 83 and 493 DEGs were uniquely expressed by the 2QG and 3QG
groups, respectively.

Analysis of upregulated DEGs (Fig. S2A) identified 1,168, 308, and 734 genes whose
expression was elevated in the 1QG, 2QG, and 3QG groups, respectively. Of the 1,168
in the 1QG group, 131 upregulated genes were uniquely expressed by both 1QG and
2QG, while 344 genes were uniquely upregulated by both 1QG and 3QG groups. In
addition, 16 DEGs were uniquely upregulated by both the 2QG and 3QG treatment
groups. One hundred eight upregulated DEGs were similar following treatment in all 3
groups. Among the downregulated DEGs (Fig. S2B), the expression of a total of 1,209
genes was decreased in the 1QG group, while 234 and 825 genes were decreased in
the 2QG and 3QG groups, respectively. Of the 1,209 DEGs in 1QG, 77 genes were
uniquely downregulated in the 1QG and 2QG groups only, while the expression of 457
genes was uniquely decreased in the 1QG and 3QG groups only. Of the 234 downregu-
lated DEGs in the 2QG group, 6 genes were uniquely decreased in the 2QG and 3QG
groups only. Among all groups, a total of 108 similar genes were downregulated across
all treatments. Cluster analysis of the DEGs for all groups demonstrated significant dif-
ferences upon treatment (Fig. 8C and Fig. S2C). Further analysis of differentially
expressed genes in the 1QG treatment group demonstrated significantly abundant ele-
vations of genes involved in carbohydrate metabolism (GAL10), nitric oxide metabolism
(YHBT), filamentous growth (FGR41), and DNA and protein synthesis, among other
genes (adjusted P value of < 0.05). Genes showing reduced expression included those
involved in RNA synthesis (RNRT), filamentation (RBRT), and phosphate ion transport
(PHO84), among others (adjusted P value of < 0.05) (Fig. 8D). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis indicated that upregulated DEGs following
1QG treatment were highly associated with metabolic pathways, ribosome, metabolite bio-
synthesis, cell cycle and DNA repair, and response to oxidative stress (like SOD3), among

FIG 7 Legend (Continued)

(G) Candida auris CDC384; (H) Candida auris CDC385; and (I) Candida auris CDC386. Candida strains at a concentration of 1.0 x 10° cell/ml were incubated
with different concentrations of Q-GRFT and fluconazole control at 37°C in Sabouraud dextrose culture media. Growth was monitored up to 72 h. Fungal
counts were performed using either a Bio-Rad TC10 automated cell counter or an ECHO Rebel hybrid microscope (RBLTEW31). Data represent mean values + SD
from 3 independent experiments.
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FIG 8 C. albicans RNA expression profile following treatment with Q-GRFT. C. albicans at a concentration of 1.0 x 10° cells/ml was incubated overnight at
37°C in Sabouraud dextrose medium with 7.8 uM (1QG), 0.78 uM (2QG), or 7.8 uM Q-GRFT'*c "9 (3QG) or control medium (vehicle control [VC]). RNA was
isolated and sequencing performed to determine expression under the different treatment conditions. Experiments were performed in triplicate. (A)
Principal component analysis (PCA) plot performed on normalized read counts for all samples. Similar colors represent cells that were subjected to a similar
treatment. (B) Venn diagram showing shared differentially expressed genes for all DEGs. The intersection of the three circles represents overlapping DEGs
among the three treatments. (C) Cluster analysis of DEGs for genes showing differential expression of |log,FC| = 2 (FC, fold change) for the comparison
following different treatments. Red represents upregulation; green represents downregulation. (D) Volcano plot to examine the log, fold change of DEGs
with 1QG treatment, for a significance level of P < 0.05 and adjusted P value (Q) of <0.05. Log, fold change on the x axis is plotted against —log,,(P
value) on the y axis. (E) Enriched GO functions of DEGs. Top 20 enriched biological processes with the adjusted P values (false discovery rate [FDR]) for the
1QG versus VC treatment groups.
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others (Table S3). The top 20 downregulated DEGs for 1QG versus VC treatment are shown
in Table S4. Low-dose treatment (2QG) demonstrated elevation of genes required to main-
tain mitochondrial respiration during stressful periods (AOX1, AOX2, and MRFT1), glutamate
metabolism (GADT), and cell adhesion and virulence (PGA22), among others. Conversely,
genes responsible for meiotic division (MCD1 and CCNT), iron metabolism (HMXT1), and fila-
mentous growth and hypha formation during cell stress (SHA3 and GIN4), among others,
were significantly decreased (Fig. S2D).

KEGG pathway analysis indicated that following 2QG treatment, upregulated DEGs
were highly associated with glycolysis/gluconeogenesis, carbon metabolism, biosyn-
thesis of secondary metabolites, cell cycle, and DNA replication and repair, among
others (Table S5). The top 20 downregulated DEGs for 2QG versus VC treatment are
shown in Table S6. Treatment with Q-GRFT'sc ne9 resulted in decreased expression of
genes involved in iron metabolism (FRE7 and FRE30), copper homeostasis (CTR1), bio-
film formation, and RNA synthesis (RNR1) (Fig. S2E). Upon treatment with Q-GRFT'ec neg,
KEGG pathway analysis revealed upregulation of genes involved with metabolic path-
ways, cell cycle, meiosis, and homologous recombination (Table S7). Interestingly,
genes expressed in response to oxidative stress (GPX2 and SOD3) were among those
downregulated with Q-GRFT'ec "9 treatment. The top 20 downregulated DEGs for 3QG
versus VC treatment are shown in Table S8. The PANTHER Classification System (50)
was used to identify enriched Gene Ontology (GO) biological processes for each set of
differentially expressed genes. The results revealed that Q-GRFT treatment (1QG) signif-
icantly enriched biological processes involved in DNA damage repair, DNA replication,
sterol and steroid biosynthesis, and disaccharide metabolism (Fig. 8E). Similarly, 2QG
treatment enriched processes involved in DNA and RNA metabolism, carbohydrate me-
tabolism including glucose, galactose and pyruvate, and amino acid catabolism (Fig.
S3A). Q-GRFT'sc ne9 treatment enriched processes involved in DNA formation and elon-
gation, cell adhesion, and biofilm formation (Fig. S3B), processes likely to promote and
maintain cell growth. Given the difference in ROS formation between 7.8 uM and
0.78 uM Q-GRFT treatments demonstrated by the results shown in Fig. 5C, it is likely
that the impact of the lectin on C. albicans’ gene expression profile is concentration de-
pendent. This may partly explain the differences in RNA expression profiles observed
upon treatment with high- and low-dose lectin concentrations. Moreover, overall, as
observed with RNA expression, similar biologic processes were impacted following
both treatments.

DISCUSSION

Our findings reveal that Q-GRFT inhibits the growth of C. albicans and other
Candida species C. glabrata, C. parapsilosis, and C. krusei, with modest activity against
some strains of C. auris in vitro. We observed no demonstrable impact on the growth
of select bacterial species commonly found in the gut. Similarly, Q-GRFT had no meas-
urable effect on the growth of Neisseria gonorrhea and Chlamydia trachomatis, the
causative pathogens for common sexually transmitted infections.

The gut microbiome plays a role in maintaining health, with dysbiosis implicated in
promoting inflammation and disease (51, 52). Because Q-GRFT is currently being devel-
oped as a topical rectal microbicide (39), activity in the gut lumen and interaction with
gut and rectal microbiome components is inevitable. In our previous studies (40), we
found that repeated rectal treatment of macaques with Q-GRFT gels did not result in
any detrimental changes in the resident bacterial microbiome compared with the
baseline population. Our assessment of Q-GRFT’s impact on the growth of select bacte-
ria cultured in vitro confirmed results by Girard et al. (40), as the lectin did not inhibit
the growth of any species tested.

Like bacteria, yeast and fungi are components of the microbiome, but their role in
the microbial gut community dynamics is not yet well described. Dysbiosis and over-
growth of fungal species results in a shift in the diversity and richness in group members,
with subsequent inflammation (53, 54). Candida species infections pose a major health
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concern in both immunocompromised patients and immunocompetent individuals (55).
Given the need to develop new antifungal agents and the increasing burden of disease
posed by fungus and yeast infections, several other groups have investigated how natu-
ral-product lectins interact with human-pathogenic fungi. Sunflower Helianthus annuus
lectin decreased C. albicans survival by impairing cell wall integrity, induced hydrogen
peroxide formation, and inhibited the yeast-to-filamentous fungus morphological transi-
tion responsible for virulence. Helianthus annuus lectin also impaired fungal cell adher-
ence to surfaces and interfered with biofilm development, resulting in a reduced cover-
age area (47). By binding to glucose, mannose, and N-acetylglucosamine in the fungal
cell wall, other lectins have exhibited antifungal activity, with various degrees of growth in-
hibition. Lectin TEL (from Talisa esculenta fruit) inhibited Saccharomyces cerevisiae, Fusarium
moniliforme, and Colletotrichum lindemuthianum growth, while AML (from Annona muri-
cata soursop fruit), which binds glucose and mannose, inhibited Fusarium solani, Fusarium
oxysporum, and Colletotrichum musae growth. These lectins inhibited fungal spore germi-
nation and mycelium growth. They also altered the synthesis of chitin, interfering with cell
wall deposition and formation (56). Lectins Dviol, DRL, and ConBr are extracts from Dioclea
violacea, Dioclea rostrata, and Canavalia brasiliensis legumes, respectively. These extracts bind
glucose and mannose and have demonstrated antifungal activity against yeasts isolated
from vaginal secretions, including Candida guilliermondii, Candida shehatae, Candida mem-
branifaciens, and Kloeckera apiculata (56-59). Lectins produced by Lactobacillus spp. have
been shown to bind to C. albicans and to inhibit biofilm formation (60). We determined the
impact of Q-GRFT on the growth of C. albicans as a representative of the mycobiome in the
gut and colon. We found that Q-GRFT bound to a-mannan in the fungal cell wall and
inhibited the growth of C. albicans. We also showed that antifungal activity was dependent
on lectin binding, since Q-GRFT'c "d neither bound nor inhibited C. albicans growth. We
demonstrated that the lectin impaired cell wall integrity by increasing permeability and
induced the formation of ROS within cells.

Q-GRFT exposure to C. albicans may result in an osmotic imbalance caused by lec-
tin-mediated disruption in cell wall integrity. We observed that Q-GRFT induced
marked alterations in the physical appearance of C. albicans, with cells demonstrating
a marked shriveled appearance and collapsed structure with surface indentations.
Q-GRFT-treated cells also demonstrated increased attempts at budding, with multi-
ple bud scars and a loss of the normal polar budding orientation. This is indicative
that Q-GRFT-induced changes affect normal cell division. The loss of polar budding
and multiple bud scars may be an attempt by C. albicans to divide multiple times to
escape stress-induced conditions (61). This failed attempt is likely compounded by
the downregulation of the Tos4 gene that was observed following Q-GRFT treat-
ment. The Tos4 gene regulates the G,/S cell cycle phase, promoting cell division
(62). This downregulation, together with other intracellular injury processes, would
result in failure to complete cell division and subsequently lead to cell death.
Additionally, in response to oxidative stress, C. albicans expresses antioxidant genes
to neutralize and escape stress, including genes encoding superoxide dismutase
(SOD), glutathione peroxidase (GPX2), thioredoxin (TRX), and thioredoxin reductase
(TRR) (63). Q-GRFT treatment was associated with upregulation of SOD, while cells
treated with the nonbinding Q-GRFT'ec ne9 exhibited downregulation of GPX2 and
TRR1. Because we used in vitro assays to demonstrate growth inhibition, there is a
likelihood that cells incubated with Q-GRFT'sc ne9 underwent somewhat stressful
growth conditions, given the volume and space limitations with this assay. When cells
grow without inhibition in medium, they will reach a critical mass when they start to com-
pete for nutrients within the restricted space. This has the potential to induce metabolic
responses within cells to escape these stressful conditions. However, given the clear dif-
ferential expression of genes following Q-GRFT treatment in comparison to the gene
expression in Q-GRFT'e< ned-treated cells, it is evident that the lectin does impact multiple
metabolic pathways within C. albicans upon treatment. Cell cycle arrest, disaccharide
metabolism, biofilm formation, and DNA strand elongation were among the upregulated
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pathways following Q-GRFT'ec ned treatment. Similarly, Q-GRFT treatment demonstrated
upregulated stress response pathways, including monosaccharide, glucose, galactose and
amino acid metabolism, biofilm formation, and DNA replication, among others.

Here, we have established that Q-GRFT demonstrates potent inhibitory activity
against non-albicans Candida species of clinical importance, i.e.,, Candida glabrata,
Candida krusei, and Candida parapsilosis. Interestingly, C. krusei has been described to
harbor innate resistance against fluconazole (64, 65), while azole resistance is increas-
ingly being documented for C. glabrata and C. parapsilosis. In addition, our study estab-
lished that Q-GRFT demonstrates growth inhibition of Candida auris CDC388 and
Candida auris CDC389, strains belonging to the South Asian clade, one of those that
are dominant in the United States (49). However, the growth of strains Candida auris
CDC383, Candida auris CDC384, Candida auris CDC385, and Candida auris CDC386 was
not impacted following incubation with Q-GRFT. C. auris exhibits multidrug resistance,
and pandrug-resistant strains have recently been identified (17, 27, 66-68). N- and O-
linked mannans with a-1,2-, a-1,3-, a-1,6-, and B-1,2-linked mannose sugar residues
make up the structure of mannoproteins in the Candida cell wall (69). Because we have
identified @-mannan as a binding ligand for Q-GRFT (Fig. 4), it is likely that the highly
diverse composition of mannan structures and mannosyl residues in different Candida
species (70) contributes to the differential response to cell treatment and variations in
MICs observed in our study. Mannan in C. albicans is comprised of branching N-linked
polysaccharide units and short-chain O-linked mannan oligosaccharides. Additionally,
the N-linked mannan is made up of a long-chain a-1,6-linked mannose backbone that
bridges with oligomannose side chains predominantly consisting of a-1,2-, @-1,3-, and
B-1,2-linked mannose residues with sparse phosphate groups (69-71). The mannan in
C. glabrata is comprised of small branches with minimal a-mannan content and one or
two B-1,2-linked mannose residues (69, 70, 72). A long chain of a-1,2-linked mannose
subunits with one or two «a-1,6-linked mannose residues and a few short side chains of
a-1,2-linked mannose residues constitute the mannan in C. krusei (70, 73, 74). While
C. parapsilosis mannan consists of both a-1,2- and «a-1,3-linked mannose residues
such as are found in C. albicans, it is not comprised of 1-O-a-phosphorylated units
(75). In addition, contrasting with the other pathogenic Candida species, C. auris
mannan is predominantly comprised of $-1,2-linked mannose residues (76). These
differences in the structure and composition of mannan are likely to underscore the
variations in the growth activity that were observed when different Candida species
were incubated with Q-GRFT. Overall, these findings suggest that Q-GRFT's anti-
Candida activity may be beneficial as an additional strategy or alternative to the
current antifungal treatment, given that growth-inhibitory activity was observed in
these different strains despite the structural differences in their cell wall composi-
tion, as well as their documented innate resistance to common antifungal agents.

Mucosal transmission of HIV and viral shedding in genital secretions is increased in
coinfection with pathogens causing sexually transmitted infections (STls), including
Neisseria gonorrhea and Chlamydia trachomatis (77, 78). Importantly, both these patho-
gens express mannosylated glycoproteins in their outer membranes (79, 80) that can
act as ligands for lectins (81). The Neisseria gonorrhea cell wall envelope is rich in
B-linked N-acetyl-p-glucosamine (p-GIcNAc) and B-p-galactosyl (B-p-Gal), which pro-
mote interaction with wheat germ agglutinin and ricin lectins. Additional structural
polysaccharide components a-N-acetyl-b-galactosamine (a-p-GalNAc) and pB-pb-Gal
linked to GalNAc and/or GIcNAc promote interaction with soybean agglutinin, peanut
agglutinin, and Dolichos biflorus lectins (82). Chlamydia trachomatis possesses terminal
mannose structures on the surface and in elementary bodies (EBs). These structures
interact with and bind the lectin from Galanthus nivalis (GNA), with a resultant GNA-de-
pendent inhibition in the number of intracellular inclusions (EBs). The GNA lectin pre-
vented Chlamydia trachomatis infection of McCoy cells (83). In our study, we did not
demonstrate any inhibitory effect of Q-GRFT on Neisseria gonorrhea and Chlamydia tra-
chomatis. However, unlike the GNA lectin (83), Q-GRFT was neither toxic nor inhibitory
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to the growth of McCoy cells. Our findings do not demonstrate any inhibitory impact
of Q-GRFT on the growth of Neisseria gonorrhea and Chlamydia trachomatis.

In conclusion, we report here the first demonstration of Q-GRFT's antifungal activity,
with growth inhibition of both C. albicans and non-albicans Candida species, including
some multi- and pandrug-resistant strains of C. auris. Q-GRFT does not impact the
growth of resident gut bacterial microbiome components. We have identified that Q-
GRFT binds to a-mannan, with a resultant induction of reactive oxidative species that
damage cellular structures. These findings underscore the need to further explore this
lectin’s antifungal mechanism in vivo and support future development of Q-GRFT as an
antifungal agent.

MATERIALS AND METHODS

Griffithsin-M78Q expression and product formulation. The active pharmaceutical ingredient (API)
used in the experiments was recombinantly expressed in the Nicotiana benthamiana plant-based sys-
tem, as described previously (84). Because the original plant-produced recombinant Griffithsin protein is
prone to oxidation at methionine-78, a single amino acid substitution replacing the met-78 residue in
the nonbinding domain with glutamine (Q) has been performed, generating a stable variant, Q-GRFT
(unpublished data). The M78Q variant is more stable against oxidation than the parent molecule and
retains the potency and other characteristics of the parent protein (unpublished data). The API was dis-
solved in PBS solution, pH 7.4 at 10 = 2 mg/ml, and diluted as needed for use in these experiments.

Bacterial growth inhibition assays. Gut and rectal microbiome and mycobiome components were
incubated in broth medium in the presence of various concentrations of Q-GRFT for 24 to 72 h to deter-
mine the lectin’s growth-inhibitory effects. The microbiome components were as follows: Escherichia coli
K-12 was incubated in Miller's Luria broth (LB broth), while Lactobacillus acidophilus and Lactobacillus
casei were incubated in De Man, Rogosa, Sharpe (MRS) broth. Bacteroides fragilis strains (nontoxigenic
Bacteroides fragilis 9343 and enterotoxigenic Bacteroides fragilis 086) were incubated in brain heart infu-
sion medium supplemented with clindamycin (BHI-clindamycin). Clostridium difficile ATCC 51695 and
Bifidobacterium longum subsp. longum ATCC 15707 were incubated in brain heart infusion-supple-
mented (BHIS) medium and MRS-L-cysteine-enriched medium, respectively. Bacterial growth was meas-
ured as the optical density at 600 nm (ODy,,), monitored using a Synergy HT BioTek plate reader.

MIC and cytotoxicity determination for Q-GRFT against Chlamydia and Neisseria gonorrhea. For
determination of Q-GRFT's growth-inhibitory activity against Chlamydia trachomatis, 100 ul of McCoy
cells (density of 5 x 10* cells/well) was plated in a 96-well plate in Eagle’s minimum essential medium
(EMEM) with 10% fetal bovine serum (FBS) and glutamine for 24 h. Chlamydia trachomatis was then
added, and the culture centrifuged to promote infection. Doxycycline or Q-GRFT was added to the su-
pernatant in triplicate. Cells were then fixed and stained with iodine in absolute methanol and glycerol.
The wells were then observed for the presence of inclusion bodies. To establish Q-GRFT's cytotoxicity to
McCoy cells, the McCoy cell density was determined upon incubation with Q-GRFT.

Candida growth inhibition assays. To determine fungal inhibition, 1.0 x 10° cells/ml of Candida
albicans ATCC 32032, Candida glabrata CDC316, Candida krusei CDC397, Candida parapsilosis CDC337,
Candida auris CDC383, Candida auris CDC384, Candida auris CDC385, Candida auris CDC386, Candida
auris CDC388, and Candida auris CDC389 were incubated with various concentrations of Q-GRFT at 37°C
in Sabouraud dextrose culture medium. Fungal growth was determined periodically up to 72 h using ei-
ther a Bio-Rad TC10 automated cell counter (Bio-Rad Laboratories, Singapore) or an ECHO Rebel hybrid
microscope (RBLTEW31; San Diego, CA, USA).

Fluorescence microscopy. Candida albicans (1.0 x 10° cells/ml) was incubated with fluorescein-la-
beled 7.8 uM Q-GRFT overnight, followed by DAPI (4',6-diamidino-2-phenylindole) staining. The cells
were then fixed in 37% formaldehyde, mounted on glass slides, and visualized using an AxioScope.A1
microscope (Carl Zeiss Microlmaging GmbH).

Fluorescence-based binding assay. C. albicans (1.0 x 10° cells/ml) was incubated with fluorescein-
labeled 7.8 ©M Q-GRFT overnight and washed in PBS, and the fluorescence intensities at excitation/
emission wavelengths of 480/520 nm determined using a BioTek Synergy HT plate reader.

Detection of hydrogen peroxide and ROS. The staining procedure using DAB (3,3'-diaminobenzi-
dine) (47) was employed to detect hydrogen peroxide in Candida albicans cells following incubation
with Q-GRFT. Briefly, C. albicans (1.0 x 10° cells/ml) was incubated for 2 h on microslides with 7.8 uM Q-
GRFT, PBS (negative control), or 300 mM hydrogen peroxide (positive control) in the presence of 0.5 mg/
ml DAB. The formation of hydrogen peroxide within cells, as brown pellets, was evaluated microscopi-
cally. A count to determine the percentage of brown-stained cells following Q-GRFT treatment in com-
parison with the control was performed from at least 3 independent experiments in triplicate.

The direct fluorescence method using H,DCF-DA (48) was used to assess the induction of ROS in C.
albicans cells following incubation with Q-GRFT. Briefly, C. albicans was grown overnight from stock solu-
tion to achieve growth in the exponential phase, followed by inoculation into a fresh peptone-dextrose
medium. Cells were then incubated with Q-GRFT (7.8 uM or 0.78 wM) overnight. Cultures were har-
vested, and cell numbers optimized and kept constant for all treatment groups. Harvested cells were
then centrifuged at 5,000 to 6,000 x g for 10 min, followed by washing the pellet twice in PBS. Cells
were then incubated for 30 min with H,DCF-DA (10 uM) in PBS in the dark, followed by centrifugation.
The pellet was washed 2 times and resuspended in 200 ul PBS in a black 96-well plate. Fluorescence
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intensity was determined with excitation and emission wavelengths at 504 nm and 524 nm, respectively,
using a Synergy HT BioTek plate reader.

Ability of Q-GRFT to bind to gp120 and cell wall components. Q-GFT's ability to bind to gp120
and C. albicans cell wall components was determined using an ELISA. Briefly, a 96-well MaxiSorp Nunc
plate was coated overnight with 0.1 ml per well of gp120, chitin, a-mannan, or B-glucan. The plate was
then blocked for 2 h using 3% bovine serum albumin (BSA) in 1x PBS-Tween 20 (PBS-T) at 0.3 ml per
well. Q-GRFT was then added at a concentration of 250 ng/ml, with 2- and 3-fold dilutions performed
down the plate. The plate was incubated for 1 to 2 h at room temperature. A primary antibody, rabbit
anti-GRFT antibody (0.1 ml per well, diluted 1:10,000 in 1x PBS), was added and the plate incubated for
1 h. A secondary antibody, goat anti-rabbit antibody (0.1 ml per well, diluted at 1:25,000 in 1x PBS)
(4030-05; Southern Biotech) was added, followed by incubation for 1 h. TMB (3,3’,5,5'-tetramethylbenzi-
dine) solution (0.1 ml per well) was then added for 4 min, and the reaction stopped with 0.1 ml per well
of 1 N sulfuric acid. Absorbance was read at 450 nm using the Synergy HT BioTek plate reader.

Viability assays. To determine the impact of Q-GRFT on C. albicans viability, the trypan blue exclu-
sion test of cell viability (85) was used. Briefly, C. albicans was incubated with Q-GRFT (7.8 uM) at 37°C
overnight, followed by staining with 0.4% trypan blue (1 part trypan blue and 1 part cell suspension).
The mixture was allowed to incubate at room temperature for ~3 min, followed by cell evaluation by
optical microscopy.

Flow cytometry. C. albicans viability analysis was performed using flow cytometry with BD Horizon
fixable viability stain 780 (FVS780). Following overnight incubation with either Q-GRFT or PBS control,
cells were added to complete RPMI medium (supplemented with 1 M HEPES, penicillin/streptomycin, fetal bo-
vine serum, and 2-mercaptoethanol), filtered, and centrifuged for 5 min at 1,600 rpm. One to two million cells
were then added to appropriate flow cytometry tubes, followed by washing with fluorescence-activated cell
sorting (FACS) buffer (BD Biosciences, San Diego, CA) for 5 min at 1,600 rpm. Cells were then blocked with 2
wl of CD16/32 antibody (BioLegend, San Diego, California) for 10 min at 4°C, followed by staining with the via-
bility dye and incubation at 4°C for 30 min. Cells were then fixed, washed, resuspended in 300 ul of FACS
buffer, and analyzed using a BD device (LSR Fortessa; BD, USA), following the manufacturer’s instructions.
Data were analyzed using FlowJo software (Tree Star, Inc., Ashland, OR).

MIC determination. The MIC,,s and MICy,s were determined by the broth dilution method as
described by the European Committee on Antimicrobial Susceptibility Testing (EUCAST) (86).

SEM. C. albicans cells were grown overnight in the presence of either PBS or 7.8 uM Q-GRFT in
Sabouraud dextrose medium at 37°C. The medium was then rinsed off and cells fixed for 24 h at 4°C
with scanning electron microscopy (SEM) fixative (2.5% glutaraldehyde, 2.5% formaldehyde, 0.1 M so-
dium cacodylate, pH 7.4). Cells were then rinsed and serially dehydrated in ethanol. They were then crit-
ically dried using hexamethyldisilazane (HMDS). Cells were then coated with gold/palladium in a
Cressington 108auto/SE sputter coater, followed by examination using the Apreo 2 electron microscope.

Candida albicans RNA extraction and sequencing. A total of 4.0 x 107 yeast cells were used for
RNA extraction using the Qiagen RNeasy midi kit, following the manufacturer’s instructions. DNase treat-
ment was performed using the RNase-free DNase set purchased from Qiagen. RNA quantification was
carried out spectrophotometrically at 260 nm and 280 nm using a NanoDrop 1000 spectrophotometer
(Thermo Scientific, USA). For RNA sequencing, pairwise comparisons were made between treated groups
(7.8 uM Q-GRFT [1QG], 0.78 uM [2QG], and 7.8 uM Q-GRFT'*c "9 [3QG]) and vehicle control (4VC).
Sequencing was performed as follows.

1. Library preparation. Libraries were prepared using the Illumina stranded mRNA prep, ligation
(catalog number 20040532; lllumina), and IDT for lllumina RNA UD indexes set B, ligation
(catalog number 20040554; lllumina).

a. Purify and fragment mRNA. mRNAs were purified from 200 ng of total RNA samples with
oligo(dT) magnetic RNA purification beads and denatured for 5 min at 65°C. Then, the
supernatant was discarded, and the beads were washed with bead wash buffer. Captured
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TABLE 2 Sample and barcode information?

Sample ID 17 Index ID Index 1 15 Index ID Index 2
1QG1_Candida UDP0121 AGAGAACCTA UDP0121 GGTTATGCTA
1QG2_Candida UDP0122 GATATTGTGT UDP0122 ACCACACGGT
1QG3_Candida UDP0123 CGTACAGGAA UDP0123 TAGGTTCTCT
2QG1_Candida UDP0124 CTGCGTTACC UDP0124 TATGGCTCGA
2QG2_Candida UDP0125 AGGCCGTGGA UDP0125 CTCGTGCGTT
2QG3_Candida UDP0126 AGGAGGTATC UDP0126 CCAGTTGGCA
3QG1_Candida UDP0127 GCTGACGTTG UDP0127 TGTTCGCATT
3QG2_Candida UDP0128 CTAATAACCG UDP0128 AACCGCATCG
3QG3_Candida UDP0129 TCTAGGCGCG UDP0129 CGAAGGTTAA
4VC1_Candida UDP0130 ATAGCCAAGA UDP0130 AGTGCCACTG
4VC2_Candida UDP0131 TTCGGTGTGA UDP0131 GAACAAGTAT
4VC3_Candida UDP0132 ATGTAACGTT UDP0132 ACGATTGCTG

aBioinformatics data analysis was performed using the pipeline shown in Fig. 9. ID, identification number.

polyadenylated RNAs were eluted using elution buffer at 80°C for 2 min. mRNAs were further
purified in a second bead cleanup and then fragmented and primed during elution by
adding 19 ul of fragmentation mix to the beads and incubating for 8 min at 94°C. After
fragmentation, 17 ul of supernatant was removed from the beads, and synthesization of
first-strand cDNA proceeded immediately thereafter.

b.  Synthesize first-strand cDNA. Following the protocol, 8 ul of first-strand synthesis Act D mix
and reverse transcriptase were added to each sample and the mixture heated on a
thermocycler using preprogrammed conditions to produce first-strand cDNA from the
hexamer-primed RNA fragments.

c.  Synthesize second-strand cDNA. Second-strand marking mix was added and mixed well, and
the mixture incubated at 16°C for 1 h. Blunt-ended, double-stranded cDNA fragments were
then purified using Agencourt AMPure XP beads at 1.8 x. An amount of 17.5 ul of eluate was
collected and stored at —20°C.

d. Adenylate 3’ ends. Purified samples were mixed with 12.5 ul A-tailing mix and then
incubated on the preprogrammed thermal cycler. An adenine (A) nucleotide was added to
the 3’ end of each blunt fragment.

e. Ligate anchors. Ligation mix and RNA index anchors were added, and the mixture incubated
in a preheated thermocycler at 30°C for 10 min. Stop ligation buffer was immediately added
to each sample and mixed well.

f.  Clean up fragments. The ligated fragments were purified using Agencourt AMPure XP Beads
at 0.8x. An amount of 20 ul of the eluate was collected and used for library amplification.

g. Amplify library. Twelve cycles of PCRs were performed to selectively amplify the anchor-
ligated DNA fragments and to add indexes and primer sequences for cluster generation.
Samples were barcoded with IDT for lllumina DNA/RNA UD indexes as listed in Table 2. A
complete list of the barcode sequences can be obtained from the Illumina support site
lllumina Adapter Sequences.

h.  Clean up library. Amplified libraries were purified using Agencourt AMPure XP beads at 1.0x.
Amounts of 15 ul of eluted libraries were collected and stored at —20°C.

i. Validate library. The concentrations of libraries were measured by using the Qubit double-
stranded DNA (dsDNA) HS assay kit (catalog number Q32851; Invitrogen). Libraries were
diluted and normalized to the optimal range for Agilent Bioanalyzer analysis using the DNA
high-sensitivity kit (catalog number 5067-4626; Agilent Technologies).

j. . Normalize and pool libraries. The same numbers of libraries were pooled based on the molar
concentration from Bioanalyzer.

2. Library denaturing and diluting for MiSeq nano 300. Pooled library was run on MiSeq to test

quantity and quality, using the MiSeq reagent nano kit version 2, 300 cycles (catalog number

MS-103-1001; lllumina). Library and PhiX control (catalog number FC-110-3001; lllumina) were

denatured and diluted, using the standard normalization method and following the

manufacturer’s directions, to a final concentration of 12.5 pM. Amounts of 300 ul of library and

300 ul of PhiX were combined and sequenced on the Illlumina MiSeq.

Library repool. Based on MiSeq results, equal amounts of libraries were repooled for NextSeq run.

4.  Library denaturing and diluting for NextSeq 500. Library and PhiX were denatured and diluted
using the standard normalization method following the manufacturer’s directions.

5. Sequencing run. Sequencing was performed at the University of Louisville Brown Cancer Center
Genomics Core on the lllumina NextSeq 500 using the NextSeq 500/550 75-cycle high-output
kit version 2.5 (product number 20024906). The total volume of each library was 1.3 ml at 1.8
pM, with 1% PhiX spike-in. Two runs were made for the analysis described in this manuscript.

w

Statistical analysis. Statistical analyses were performed using GraphPad Prism version 7. Numerical
data are presented as mean values = standard deviations (SD) or mean values * standard errors of the
means (SEM). The number of repetitions and replicates of each assay and experiment are reported
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individually in the descriptions of each of the findings. Statistical differences between sets of data were
evaluated using analysis of variance (ANOVA). P values of =0.05 were considered significant.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.

ACKNOWLEDGMENTS
This work was supported by grants from ExCITE/NIH (grant number UOTHL127518) to
HW.N. and NIH/NIAID (grant number 5U19A1113182) to KE.P. Sequencing and bioinformatics
support for this work was provided by National Institutes of Health (NIH) grants number
P20GM103436 (Nigel Cooper, principal investigator) and P30GM106396 (Donald Miller,
principal investigator). Scanning electron microscopy analysis and support was provided by
the Micro/Nano Technology Center at the University of Louisville, Louisville, KY, USA.

The contents of this work are solely the responsibility of the authors and do not
represent the official views of the NIH or the National Institute for General Medical Sciences
(NIGMS).
H.W.N., J.CK,, and K.E.P. conceived and designed the experiments. H.W.N. performed
the experiments. HW.N,, AB.L, J.CK. and KEP. analyzed the data. HW.N,, J.LF, and KE.P.

contributed reagents and materials tools. H.W.N. and K.E.P. wrote the paper.

We declare no conflicts of interest.

REFERENCES

1.

Volume 9

Arendrup MC, Patterson TF. 2017. Multidrug-resistant Candida: epidemi-
ology, molecular mechanisms, and treatment. J Infect Dis 216:5445-S451.
https://doi.org/10.1093/infdis/jix131.

. Mulu A, Kassu A, Anagaw B, Moges B, Gelaw A, Alemayehu M, Belyhun Y,

Biadglegne F, Hurissa Z, Moges F, Isogai E. 2013. Frequent detection of ‘azole’
resistant Candida species among late presenting AIDS patients in northwest
Ethiopia. BMC Infect Dis 13:82. https://doi.org/10.1186/1471-2334-13-82.

. Whaley SG, Berkow EL, Rybak JM, Nishimoto AT, Barker KS, Rogers PD.

2016. Azole antifungal resistance in Candida albicans and emerging non-
albicans Candida species. Front Microbiol 7:2173. https://doi.org/10.3389/
fmicb.2016.02173.

. Ostrosky-Zeichner L, Casadevall A, Galgiani JN, Odds FC, Rex JH. 2010. An

insight into the antifungal pipeline: selected new molecules and beyond.
Nat Rev Drug Discov 9:719-727. https://doi.org/10.1038/nrd3074.

. Odds FC, Brown AJ, Gow NA. 2003. Antifungal agents: mechanisms of action.

Trends Microbiol 11:272-279. https://doi.org/10.1016/50966-842x(03)00117-3.

. Wall G, Lopez-Ribot JL. 2020. Current antimycotics, new prospects, and

future approaches to antifungal therapy. Antibiotics 9:445. https://doi.org/10
.3390/antibiotics9080445.

. Jessup C, Ghannoum M, Ryder N. 2000. An evaluation of the in vitro activ-

ity of terbinafine. Med Mycol 38:155-159. https://doi.org/10.1080/mmy
.38.2.155.159.

. Vermes A, Guchelaar H-J, Dankert J. 2000. Flucytosine: a review of its pharma-

cology, clinical indications, pharmacokinetics, toxicity and drug interactions.
J Antimicrob Chemother 46:171-179. https://doi.org/10.1093/jac/46.2.171.

. Janknegt R, de Marie S, Bakker-Woudenberg IA, Crommelin DJ. 1992. Lip-

osomal and lipid formulations of amphotericin B. Clin Pharmacokinet 23:
279-291. https://doi.org/10.2165/00003088-199223040-00004.

. Centers for Disease Control and Prevention. 2019. Antibiotic resistance

threats in the United States, 2019. CDC, Atlanta, GA.

. Centers for Disease Control and Prevention. 2013. Antibiotic resistance

threats in the United States, 2013. CDC, Atlanta, GA.

. Marquez L, Quave CL. 2020. Prevalence and therapeutic challenges of

fungal drug resistance: role for plants in drug discovery. Antibiotics 9:150.
https://doi.org/10.3390/antibiotics9040150.

. Cortegiani A, Misseri G, Fasciana T, Giammanco A, Giarratano A, Chowdhary

A. 2018. Epidemiology, clinical characteristics, resistance, and treatment of
infections by Candida auris. J Intensive Care 6:69. https://doi.org/10.1186/
540560-018-0342-4.

. Ksiezopolska E, Gabaldon T. 2018. Evolutionary emergence of drug resist-

ance in Candida opportunistic pathogens. Genes 9:461. https://doi.org/
10.3390/genes9090461.

Issue2 e00957-21

20.

21.

22.

23.

24,

. Rudramurthy SM, Chakrabarti A, Paul RA, Sood P, Kaur H, Capoor MR,

Kindo AJ, Marak RSK, Arora A, Sardana R, Das S, Chhina D, Patel A, Xess |,
Tarai B, Singh P, Ghosh A. 2017. Candida auris candidaemia in Indian
ICUs: analysis of risk factors. J Antimicrob Chemother 72:1794-1801.
https://doi.org/10.1093/jac/dkx034.

. Chowdhary A, Voss A, Meis J. 2016. Multidrug-resistant Candida auris:

‘new kid on the block’ in hospital-associated infections? J Hosp Infect 94:
209-212. https://doi.org/10.1016/j.jhin.2016.08.004.

. Chowdhary A, Anil Kumar V, Sharma C, Prakash A, Agarwal K, Babu R,

Dinesh KR, Karim S, Singh SK, Hagen F, Meis JF. 2014. Multidrug-resistant
endemic clonal strain of Candida auris in India. Eur J Clin Microbiol Infect
Dis 33:919-926. https://doi.org/10.1007/5s10096-013-2027-1.

. Borman AM, Szekely A, Johnson EM. 2016. Comparative pathogenicity of

United Kingdom isolates of the emerging pathogen Candida auris and
other key pathogenic Candida species. mSphere 1:€00189-16. https://doi
.0rg/10.1128/mSphere.00189-16.

. Nguyen MH, Wissel MC, Shields RK, Salomoni MA, Hao B, Press EG, Shields

RM, Cheng S, Mitsani D, Vadnerkar A, Silveira FP, Kleiboeker SB, Clancy CJ.
2012. Performance of Candida real-time polymerase chain reaction, 3-D-
glucan assay, and blood cultures in the diagnosis of invasive candidiasis.
Clin Infect Dis 54:1240-1248. https://doi.org/10.1093/cid/cis200.

Fortun J, Meije Y, Buitrago MJ, Gago S, Bernal-Martinez L, Peman J, Pérez
M, Gémez-G Pedrosa E, Madrid N, Pintado V, Martin-Davila P, Cobo J,
Fresco G, Moreno S, Cuenca-Estrella M. 2014. Clinical validation of a multi-
plex real-time PCR assay for detection of invasive candidiasis in intensive care
unit patients. J Antimicrob Chemother 69:3134-3141. https://doi.org/10.1093/
jac/dku225.

Ruiz-Gaitan A, Moret AM, Tasias-Pitarch M, Aleixandre-Lopez Al, Martinez-
Morel H, Calabuig E, Salavert-Lleti M, Ramirez P, Lopez-Hontangas JL, Hagen
F, Meis JF, Mollar-Maseres J, Pemén J. 2018. An outbreak due to Candida
auris with prolonged colonisation and candidaemia in a tertiary care Euro-
pean hospital. Mycoses 61:498-505. https://doi.org/10.1111/myc.12781.

Lee WG, Shin JH, Uh Y, Kang MG, Kim SH, Park KH, Jang H-C. 2011. First
three reported cases of nosocomial fungemia caused by Candida auris. J
Clin Microbiol 49:3139-3142. https://doi.org/10.1128/JCM.00319-11.
Morales-Lépez SE, Parra-Giraldo CM, Ceballos-Garzén A, Martinez HP,
Rodriguez GJ, Alvarez-Moreno CA, Rodriguez JY. 2017. Invasive infections
with multidrug-resistant yeast Candida auris, Colombia. Emerg Infect Dis
23:162-164. https://doi.org/10.3201/eid2301.161497.

Vallabhaneni S, Kallen A, Tsay S, Chow N, Welsh R, Kerins J, Kemble SK,
Pacilli M, Black SR, Landon E, Ridgway J, Palmore TN, Zelzany A, Adams
EH, Quinn M, Chaturvedi S, Greenko J, Fernandez R, Southwick K, Furuya

MicrobiolSpectrum.asm.org 18


https://doi.org/10.1093/infdis/jix131
https://doi.org/10.1186/1471-2334-13-82
https://doi.org/10.3389/fmicb.2016.02173
https://doi.org/10.3389/fmicb.2016.02173
https://doi.org/10.1038/nrd3074
https://doi.org/10.1016/s0966-842x(03)00117-3
https://doi.org/10.3390/antibiotics9080445
https://doi.org/10.3390/antibiotics9080445
https://doi.org/10.1080/mmy.38.2.155.159
https://doi.org/10.1080/mmy.38.2.155.159
https://doi.org/10.1093/jac/46.2.171
https://doi.org/10.2165/00003088-199223040-00004
https://doi.org/10.3390/antibiotics9040150
https://doi.org/10.1186/s40560-018-0342-4
https://doi.org/10.1186/s40560-018-0342-4
https://doi.org/10.3390/genes9090461
https://doi.org/10.3390/genes9090461
https://doi.org/10.1093/jac/dkx034
https://doi.org/10.1016/j.jhin.2016.08.004
https://doi.org/10.1007/s10096-013-2027-1
https://doi.org/10.1128/mSphere.00189-16
https://doi.org/10.1128/mSphere.00189-16
https://doi.org/10.1093/cid/cis200
https://doi.org/10.1093/jac/dku225
https://doi.org/10.1093/jac/dku225
https://doi.org/10.1111/myc.12781
https://doi.org/10.1128/JCM.00319-11
https://doi.org/10.3201/eid2301.161497
https://www.MicrobiolSpectrum.asm.org

Antifungal Activity of Q-Griffithsin

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

Volume 9

EY, Calfee DP, Hamula C, Patel G, Barrett P, Lafaro P, Berkow EL, Moulton-
Meissner H, Noble-Wang J, Fagan RP, Jackson BR, Lockhart SR, Litvintseva
AP, Chiller TM. 2017. Investigation of the first seven reported cases of
Candida auris, a globally emerging invasive, multidrug-resistant fungus—
United States, May 2013-August 2016. Am J Transplant 17:296-299.
https://doi.org/10.1111/ajt.14121.

Sarma S, Kumar N, Sharma S, Govil D, Ali T, Mehta Y, Rattan A. 2013. Candide-
mia caused by amphotericin B and fluconazole resistant Candida auris. In-
dian J Med Microbiol 31:90-91. https://doi.org/10.4103/0255-0857.108746.
Al-Tawfiq JA. 2007. Distribution and epidemiology of Candida species
causing fungemia at a Saudi Arabian hospital, 1996-2004. Int J Infect Dis
11:239-244. https://doi.org/10.1016/}.ijid.2006.03.003.

Ademe M, Girma F. 2020. Candida auris: from multidrug resistance to
pan-resistant strains. Infect Drug Resist 13:1287-1294. https://doi.org/10
.2147/IDR.S249864.

Kordalewska M, Perlin DS. 2019. Identification of drug resistant Candida
auris. Front Microbiol 10:1918. https://doi.org/10.3389/fmicb.2019.01918.
Kuehn BM. 2020. Multidrug-resistant Candida auris concern stems from
New York cases. JAMA 323:702. https://doi.org/10.1001/jama.2020.0553.
Moulaei T, Alexandre KB, Shenoy SR, Meyerson JR, Krumpe LR, Constantine
B, Wilson J, Buckheit RW, McMahon JB, Subramaniam S, Wlodawer A,
O'Keefe BR. 2015. Griffithsin tandemers: flexible and potent lectin inhibitors
of the human immunodeficiency virus. Retrovirology 12:6. https://doi.org/10
.1186/512977-014-0127-3.

Mori T, O'Keefe BR, Sowder RC, Bringans S, Gardella R, Berg S, Cochran P,
Turpin JA, Buckheit RW, McMahon JB, Boyd MR. 2005. Isolation and char-
acterization of griffithsin, a novel HIV-inactivating protein, from the red
alga Griffithsia sp. J Biol Chem 280:9345-9353. https://doi.org/10.1074/
jbc.M411122200.

O’Keefe BR, Giomarelli B, Barnard DL, Shenoy SR, Chan PKS, McMahon JB,
Palmer KE, Barnett BW, Meyerholz DK, Wohlford-Lenane CL, McCray PB.
2010. Broad-spectrum in vitro activity and in vivo efficacy of the antiviral
protein griffithsin against emerging viruses of the family Coronaviridae. J
Virol 84:2511-2521. https://doi.org/10.1128/JV1.02322-09.

Lo MK, Spengler JR, Krumpe LRH, Welch SR, Chattopadhyay A, Harmon
JR, Coleman-McCray JD, Scholte FEM, Hotard AL, Fuqua JL, Rose JK,
Nichol ST, Palmer KE, O’Keefe BR, Spiropoulou CF. 2020. Griffithsin inhibits
Nipah virus entry and fusion and can protect Syrian golden hamsters
from lethal Nipah virus challenge. J Infect Dis 221:5480-S492. https://doi
.org/10.1093/infdis/jiz630.

Ziotkowska NE, O’Keefe BR, Mori T, Zhu C, Giomarelli B, Vojdani F, Palmer
KE, McMahon JB, Wlodawer A. 2006. Domain-swapped structure of the
potent antiviral protein griffithsin and its mode of carbohydrate binding.
Structure 14:1127-1135. https://doi.org/10.1016/j.5tr.2006.05.017.
Moulaei T, Shenoy SR, Giomarelli B, Thomas C, McMahon JB, Dauter Z,
O’Keefe BR, Wlodawer A. 2010. Monomerization of viral entry inhibitor
griffithsin elucidates the relationship between multivalent binding to car-
bohydrates and anti-HIV activity. Structure 18:1104-1115. https://doi.org/
10.1016/j.5tr.2010.05.016.

Ziotkowska NE, Shenoy SR, O’Keefe BR, McMahon JB, Palmer KE, Dwek RA,
Wormald MR, Wlodawer A. 2007. Crystallographic, thermodynamic, and
molecular modeling studies of the mode of binding of oligosaccharides
to the potent antiviral protein griffithsin. Proteins 67:661-670. https://doi
.org/10.1002/prot.21336.

Ziotkowska NE, Shenoy SR, O’Keefe BR, Wlodawer A. 2007. Crystallo-
graphic studies of the complexes of antiviral protein griffithsin with glu-
cose and N-acetylglucosamine. Protein Sci 16:1485-1489. https://doi.org/
10.1110/ps.072889407.

Kramzer LF, Hamorsky KT, Graebing PW, Wang L, Fuqua JL, Matoba N,
Lasnik AB, Moncla BJ, Zhang J, Palmer KE, Rohan LC. 2021. Preformulation
characterization of griffithsin, a biopharmaceutical candidate for HIV pre-
vention. AAPS PharmSciTech 22:83. https://doi.org/10.1208/512249-021
-01931-0.

Brand R. 2019. Griffithsin-based rectal microbicide for PREvention of Viral
ENTry (PREVENT). https:/clinicaltrials.gov/ct2/show/record/NCT04032717.
Accessed 25 August 2021.

Girard L, Birse K, Holm JB, Gajer P, Humphrys MS, Garber D, Guenthner P,
Noél-Romas L, Abou M, McCorrister S, Westmacott G, Wang L, Rohan LC,
Matoba N, McNicholl J, Palmer KE, Ravel J, Burgener AD. 2018. Impact of
the griffithsin anti-HIV microbicide and placebo gels on the rectal muco-
sal proteome and microbiome in non-human primates. Sci Rep 8:8059.
https://doi.org/10.1038/541598-018-26313-8.

Issue2 e00957-21

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

&,  Microbiolos
% Spectrur Y

Sam QH, Chang MW, Chai LYA. 2017. The fungal mycobiome and its inter-
action with gut bacteria in the host. Int J Mol Sci 18:330. https://doi.org/
10.3390/ijms18020330.

Garcia-Rubio R, de Oliveira HC, Rivera J, Trevijano-Contador N. 2019. The
fungal cell wall: Candida, Cryptococcus, and Aspergillus species. Front
Microbiol 10:2993. https://doi.org/10.3389/fmicb.2019.02993.

Free SJ. 2013. Fungal cell wall organization and biosynthesis. Adv Genet
81:33-82. https://doi.org/10.1016/B978-0-12-407677-8.00002-6.

Chen J-K, Shen C-R, Yeh C-H, Fang B-S, Huang T-L, Liu C-L. 2011. N-Acetyl
glucosamine obtained from chitin by chitin degrading factors in Chitin-
bacter tainanesis. Int J Mol Sci 12:1187-1195. https://doi.org/10.3390/
ijms12021187.

Shibata N, Suzuki A, Kobayashi H, Okawa Y. 2007. Chemical structure of
the cell-wall mannan of Candida albicans serotype A and its difference in
yeast and hyphal forms. Biochem J 404:365-372. https://doi.org/10.1042/
BJ20070081.

Gibbs J, Vessels M, Rothenberg M. 2001. Immobilization principles—
selecting the surface. ELISA technical bulletin no. 1. Corning, Inc., Tewks-
bury, MA.

Del Rio M, de la Canal L, Pinedo M, Mora-Montes HM, Regente M. 2019.
Effects of the binding of a Helianthus annuus lectin to Candida albicans
cell wall on biofilm development and adhesion to host cells. Phytomedi-
cine 58:152875. https://doi.org/10.1016/j.phymed.2019.152875.

James J, Fiji N, Roy D, Mg DA, Shihabudeen MS, Chattopadhyay D,
Thirumurugan K. 2015. A rapid method to assess reactive oxygen species
in yeast using H,DCF-DA. Anal Methods 7:8572-8575. https://doi.org/10
.1039/C5AY02278A.

Tsay S, Welsh RM, Adams EH, Chow NA, Gade L, Berkow EL, Poirot E,
Lutterloh E, Quinn M, Chaturvedi S, Kerins J, Black SR, Kemble SK, Barrett PM,
Barton K, Shannon DJ, Bradley K, Lockhart SR, Litvintseva AP, Moulton-
Meissner H, Shugart A, Kallen A, Vallabhaneni S, Chiller TM, Jackson BR. 2017.
Notes from the field: ongoing transmission of Candida auris in health care
facilities—United States, June 2016-May 2017. MMWR Morb Mortal Wkly
Rep 66:514-515. https://doi.org/10.15585/mmwr.mmé6619a7.

Mi H, Ebert D, Muruganujan A, Mills C, Albou L-P, Mushayamaha T, Thomas
PD. 2021. PANTHER version 16: a revised family classification, tree-based
classification tool, enhancer regions and extensive API. Nucleic Acids Res
49:D394-D403. https://doi.org/10.1093/nar/gkaa1106.

Shreiner AB, Kao JY, Young VB. 2015. The gut microbiome in health and in
disease. Curr Opin Gastroenterol 31:69-75. https://doi.org/10.1097/MOG
.0000000000000139.

Kinross JM, Darzi AW, Nicholson JK. 201 1. Gut microbiome-host interactions
in health and disease. Genome Med 3:14. https://doi.org/10.1186/gm228.
lliev ID, Leonardi I. 2017. Fungal dysbiosis: immunity and interactions at
mucosal barriers. Nat Rev Immunol 17:635-646. https://doi.org/10.1038/
nri.2017.55.

Li Q, Wang C, Tang C, He Q, Li N, Li J. 2014. Dysbiosis of gut fungal microbiota
is associated with mucosal inflammation in Crohn’s disease. J Clin Gastroen-
terol 48:513-523. https://doi.org/10.1097/MCG.0000000000000035.

Low C-Y, Rotstein C. 2011. Emerging fungal infections in immunocompro-
mised patients. F1000 Med Rep 3:14. https://doi.org/10.3410/M3-14.
Gomes BS, Siqueira ABS, de Cassia Carvalho Maia R, Giampaoli V,
Teixeira EH, Arruda FVS, do Nascimento KS, de Lima AN, Souza-Motta
CM, Cavada BS, Porto ALF. 2012. Antifungal activity of lectins against
yeast of vaginal secretion. Braz J Microbiol 43:770-778. https://doi
.org/10.1590/51517-83822012000200042.

Cavada BS. 1996. Isolation and partial characterization of a lectin from
Dioclea rostrata Benth seeds. Rev Bras Fisiol Veg 8:31-36.

Cavada B, Moreira R, Oliveira J, Grangeiro T. 1993. Primary structures and
functions of plant lectins. Rev Bras Fisiol Veg 5:193-201.

Barbosa T, Arruda S, Cavada B, Grangeiro TB, Freitas LARd, Barral-Netto M.
2001. In vivo lymphocyte activation and apoptosis by lectins of the Dio-
cleinae subtribe. Mem Inst Oswaldo Cruz 96:673-678. https://doi.org/10
.1590/50074-02762001000500016.

Imholz N. 2015. Molecular and functional analyses of lectins in gastroin-
testinal and vaginal Lactobacillus species. MSc thesis. KU Leuven, Leuven,
Belgium.

De Nollin S, Borgers M. 1975. Scanning electron microscopy of Candida
albicans after in vitro treatment with miconazole. Antimicrob Agents Che-
mother 7:704-711. https://doi.org/10.1128/AAC.7.5.704.

Kim SM, Tripathi VP, Shen K-F, Forsburg SL. 2020. Checkpoint regulation
of nuclear Tos4 defines S phase arrest in fission yeast. G3 (Bethesda) 10:
255-266. https://doi.org/10.1534/93.119.400726.

MicrobiolSpectrum.asm.org 19


https://doi.org/10.1111/ajt.14121
https://doi.org/10.4103/0255-0857.108746
https://doi.org/10.1016/j.ijid.2006.03.003
https://doi.org/10.2147/IDR.S249864
https://doi.org/10.2147/IDR.S249864
https://doi.org/10.3389/fmicb.2019.01918
https://doi.org/10.1001/jama.2020.0553
https://doi.org/10.1186/s12977-014-0127-3
https://doi.org/10.1186/s12977-014-0127-3
https://doi.org/10.1074/jbc.M411122200
https://doi.org/10.1074/jbc.M411122200
https://doi.org/10.1128/JVI.02322-09
https://doi.org/10.1093/infdis/jiz630
https://doi.org/10.1093/infdis/jiz630
https://doi.org/10.1016/j.str.2006.05.017
https://doi.org/10.1016/j.str.2010.05.016
https://doi.org/10.1016/j.str.2010.05.016
https://doi.org/10.1002/prot.21336
https://doi.org/10.1002/prot.21336
https://doi.org/10.1110/ps.072889407
https://doi.org/10.1110/ps.072889407
https://doi.org/10.1208/s12249-021-01931-0
https://doi.org/10.1208/s12249-021-01931-0
https://clinicaltrials.gov/ct2/show/record/NCT04032717
https://doi.org/10.1038/s41598-018-26313-8
https://doi.org/10.3390/ijms18020330
https://doi.org/10.3390/ijms18020330
https://doi.org/10.3389/fmicb.2019.02993
https://doi.org/10.1016/B978-0-12-407677-8.00002-6
https://doi.org/10.3390/ijms12021187
https://doi.org/10.3390/ijms12021187
https://doi.org/10.1042/BJ20070081
https://doi.org/10.1042/BJ20070081
https://doi.org/10.1016/j.phymed.2019.152875
https://doi.org/10.1039/C5AY02278A
https://doi.org/10.1039/C5AY02278A
https://doi.org/10.15585/mmwr.mm6619a7
https://doi.org/10.1093/nar/gkaa1106
https://doi.org/10.1097/MOG.0000000000000139
https://doi.org/10.1097/MOG.0000000000000139
https://doi.org/10.1186/gm228
https://doi.org/10.1038/nri.2017.55
https://doi.org/10.1038/nri.2017.55
https://doi.org/10.1097/MCG.0000000000000035
https://doi.org/10.3410/M3-14
https://doi.org/10.1590/S1517-83822012000200042
https://doi.org/10.1590/S1517-83822012000200042
https://doi.org/10.1590/s0074-02762001000500016
https://doi.org/10.1590/s0074-02762001000500016
https://doi.org/10.1128/AAC.7.5.704
https://doi.org/10.1534/g3.119.400726
https://www.MicrobiolSpectrum.asm.org

Nabeta et al.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Volume 9

Enjalbert B, Nantel A, Whiteway M. 2003. Stress-induced gene expression
in Candida albicans: absence of a general stress response. Mol Biol Cell
14:1460-1467. https://doi.org/10.1091/mbc.e02-08-0546.

Marichal P, Gorrens J, Coene MC, Jeune LL, Bossche HV. 1995. Origin of differ-
ences in susceptibility of Candida krusei to azole antifungal agents. Mycoses
38:111-117. https://doi.org/10.1111/j.1439-0507.1995.tb00032 x.

Pfaller M, Diekema D, Gibbs D, Newell V, Nagy E, Dobiasova S, Rinaldi M,
Barton R, Veselov A, Global Antifungal Surveillance Group. 2008. Candida
krusei, a multidrug-resistant opportunistic fungal pathogen: geographic
and temporal trends from the ARTEMIS DISK Antifungal Surveillance Pro-
gram, 2001 to 2005. J Clin Microbiol 46:515-521. https://doi.org/10.1128/
JCM.01915-07.

Alfouzan W, Dhar R, Albarrag A, Al-Abdely H. 2019. The emerging patho-
gen Candida auris: a focus on the Middle-Eastern countries. J Infect Public
Health 12:451-459. https://doi.org/10.1016/j.jiph.2019.03.009.

Lockhart SR, Etienne KA, Vallabhaneni S, Farooqi J, Chowdhary A, Govender
NP, Colombo AL, Calvo B, Cuomo CA, Desjardins CA, Berkow EL, Castanheira
M, Magobo RE, Jabeen K, Asghar RJ, Meis JF, Jackson B, Chiller T, Litvintseva
AP. 2017. Simultaneous emergence of multidrug-resistant Candida auris on
3 continents confirmed by whole-genome sequencing and epidemiological
analyses. Clin Infect Dis 64:134-140. https://doi.org/10.1093/cid/ciw691.
Ostrowsky B, Greenko J, Adams E, Quinn M, O’Brien B, Chaturvedi V,
Berkow E, Vallabhaneni S, Forsberg K, Chaturvedi S, Lutterloh E, Blog D, C.
auris Investigation Work Group. 2020. Candida auris isolates resistant to
three classes of antifungal medications—New York, 2019. MMWR Morb
Mortal Wkly Rep 69:6-9. https://doi.org/10.15585/mmwr.mm6901a2.
Shibata N, Kobayashi H, Suzuki S. 2012. Immunochemistry of pathogenic
yeast, Candida species, focusing on mannan. Proc Jpn Acad Ser B Phys Biol
Sci 88:250-265. https://doi.org/10.2183/pjab.88.250.

Nguyen TNY, Padungros P, Wongsrisupphakul P, Sa-Ard-lam N, Mahanonda
R, Matangkasombut O, Choo M-K, Ritprajak P. 2018. Cell wall mannan of Can-
dida krusei mediates dendritic cell apoptosis and orchestrates Th17 polariza-
tion via TLR-2/MyD88-dependent pathway. Sci Rep 8:17123. https://doi.org/
10.1038/541598-018-35101-3.

Fradin C, Poulain D, Jouault T. 2000. B-1,2-Linked oligomannosides
from Candida albicans bind to a 32-kilodalton macrophage membrane
protein homologous to the mammalian lectin galectin-3. Infect Immun
68:4391-4398. https://doi.org/10.1128/1A1.68.8.4391-4398.2000.
Takahashi S, Kudoh A, Okawa Y, Shibata N. 2012. Significant differences in
the cell-wall mannans from three Candida glabrata strains correlate with
antifungal drug sensitivity. FEBS J 279:1844-1856. https://doi.org/10.1111/j
.1742-4658.2012.08564 x.

Kogan G, Pavliak V, Sandula J, Masler L. 1988. Novel structure of the cellu-
lar mannan of the pathogenic yeast Candida krusei. Carbohydr Res 184:
171-182. https://doi.org/10.1016/0008-6215(88)80015-6.

Akemi N, Takako S, Yoshimura F. 1982. Immunochemical determinant and
serological specificity of Candida krusei. Mol Immunol 19:367-373. https://
doi.org/10.1016/0161-5890(82)90202-4.

Issue2 e00957-21

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

&,  Microbiolos
% Spectrur Y

Shibata N, lkuta K, Imai T, Satoh Y, Satoh R, Suzuki A, Kojima C, Kobayashi
H, Hisamichi K, Suzuki S. 1995. Existence of branched side chains in the
cell wall mannan of pathogenic yeast, Candida albicans. Structure-antige-
nicity relationship between the cell wall mannans of Candida albicans
and Candida parapsilosis. J Biol Chem 270:1113-1122. https://doi.org/10
.1074/jbc.270.3.1113.

Yan L, Xia K, Yu Y, Miliakos A, Chaturvedi S, Zhang F, Chen S, Chaturvedi
V, Linhardt RJ. 2020. Unique cell surface mannan of yeast pathogen Can-
dida auris with selective binding to IgG. ACS Infect Dis 6:1018-1031.
https://doi.org/10.1021/acsinfecdis.9b00450.

Jarvis G, Chang T. 2012. Modulation of HIV transmission by Neisseria gonor-
rhoeae: molecular and immunological aspects. Curr HIV Res 10:211-217.
https://doi.org/10.2174/157016212800618138.

Kilmarx PH, Mock PA, Levine WC. 2001. Effect of Chlamydia trachomatis
coinfection on HIV shedding in genital tract secretions. Sex Transm Dis
28:347-348. https://doi.org/10.1097/00007435-200106000-00008.
Mubaiwa TD, Hartley-Tassell LE, Semchenko EA, Jen FE-C, Srikhanta YN,
Day CJ, Jennings MP, Seib KL. 2017. The glycointeractome of serogroup B
Neisseria meningitidis strain MC58. Sci Rep 7:5693-5699. https://doi.org/
10.1038/541598-017-05894-w.

Swanson AF, Ezekowitz RAB, Lee A, Kuo C-C. 1998. Human mannose-binding
protein inhibits infection of Hela cells by Chlamydia trachomatis. Infect
Immun 66:1607-1612. https://doi.org/10.1128/IA1.66.4.1607-1612.1998.
Mazalovska M, Kouokam JC. 2018. Lectins as promising therapeutics for
the prevention and treatment of HIV and other potential coinfections.
Biomed Res Int 2018:3750646. https://doi.org/10.1155/2018/3750646.
Allen PZ, Connelly MC, Apicella MA. 1980. Interaction of lectins with Neis-
seria gonorrhoeae. Can J Microbiol 26:468-474. https://doi.org/10.1139/
m80-078.

Amin K, Beillevaire D, Mahmoud E, Hammar L, Mardh PA, Fréman G. 1995.
Binding of Galanthus nivalis lectin to Chlamvdia trachomatis and inhibi-
tion of in vitro infection. APMIS 103:714-720. https://doi.org/10.1111/j
.1699-0463.1995.tb01428.x.

Fuqua JL, Hamorsky K, Khalsa G, Matoba N, Palmer KE. 2015. Bulk produc-
tion of the antiviral lectin griffithsin. Plant Biotechnol J 13:1160-1168.
https://doi.org/10.1111/pbi.12433.

Strober W. 2015. Trypan blue exclusion test of cell viability. Curr Protoc Immu-
nol 111:A3.B.1-A3.B.3. https://doi.org/10.1002/0471142735.ima03bs111.
Rodriguez-Tudela J, Arendrup M, Barchiesi F, Bille J, Chryssanthou E, Cuenca-
Estrella M, Dannaoui E, Denning D, Donnelly J, Dromer F, Subcommittee on
Antifungal Susceptibility Testing (AFST) of the ESCMID European Committee
for Antimicrobial Susceptibility Testing (EUCAST). 2008. EUCAST definitive
document EDef 7.1: method for the determination of broth dilution MICs of
antifungal agents for fermentative yeasts. Clin Microbiol Infect 14:398-405.
https://doi.org/10.1111/j.1469-0691.2007.01935x.

MicrobiolSpectrum.asm.org 20


https://doi.org/10.1091/mbc.e02-08-0546
https://doi.org/10.1111/j.1439-0507.1995.tb00032.x
https://doi.org/10.1128/JCM.01915-07
https://doi.org/10.1128/JCM.01915-07
https://doi.org/10.1016/j.jiph.2019.03.009
https://doi.org/10.1093/cid/ciw691
https://doi.org/10.15585/mmwr.mm6901a2
https://doi.org/10.2183/pjab.88.250
https://doi.org/10.1038/s41598-018-35101-3
https://doi.org/10.1038/s41598-018-35101-3
https://doi.org/10.1128/IAI.68.8.4391-4398.2000
https://doi.org/10.1111/j.1742-4658.2012.08564.x
https://doi.org/10.1111/j.1742-4658.2012.08564.x
https://doi.org/10.1016/0008-6215(88)80015-6
https://doi.org/10.1016/0161-5890(82)90202-4
https://doi.org/10.1016/0161-5890(82)90202-4
https://doi.org/10.1074/jbc.270.3.1113
https://doi.org/10.1074/jbc.270.3.1113
https://doi.org/10.1021/acsinfecdis.9b00450
https://doi.org/10.2174/157016212800618138
https://doi.org/10.1097/00007435-200106000-00008
https://doi.org/10.1038/s41598-017-05894-w
https://doi.org/10.1038/s41598-017-05894-w
https://doi.org/10.1128/IAI.66.4.1607-1612.1998
https://doi.org/10.1155/2018/3750646
https://doi.org/10.1139/m80-078
https://doi.org/10.1139/m80-078
https://doi.org/10.1111/j.1699-0463.1995.tb01428.x
https://doi.org/10.1111/j.1699-0463.1995.tb01428.x
https://doi.org/10.1111/pbi.12433
https://doi.org/10.1002/0471142735.ima03bs111
https://doi.org/10.1111/j.1469-0691.2007.01935.x
https://www.MicrobiolSpectrum.asm.org

	RESULTS
	Effect of Q-GRFT on the growth of rectal microbiome (bacterial) components.
	Effect of Q-GRFT on the growth of Candida albicans.
	Q-GRFT’s growth-inhibitory activity is dependent on the lectin’s binding to Candida albicans.
	Q-GRFT binds to Candida albicans cell wall component α-mannan but not chitin or β-glucan.
	Effect of Q-GRFT on Candida albicans’ cell structure, integrity, and oxidative status.
	Impact of Q-GRFT on the growth of non-albicans Candida species.
	MICs for Q-GRFT against Candida spp.
	Q-GRFT treatment alters the expression of multiple genes important in Candida albicans growth.

	DISCUSSION
	MATERIALS AND METHODS
	Griffithsin-M78Q expression and product formulation.
	Bacterial growth inhibition assays.
	MIC and cytotoxicity determination for Q-GRFT against Chlamydia and Neisseria gonorrhea.
	Candida growth inhibition assays.
	Fluorescence microscopy.
	Fluorescence-based binding assay.
	Detection of hydrogen peroxide and ROS.
	Ability of Q-GRFT to bind to gp120 and cell wall components.
	Viability assays.
	Flow cytometry.
	MIC determination.
	SEM.
	Candida albicans RNA extraction and sequencing.
	Statistical analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

