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Abstract: Candida auris is a multi-drug-resistant fungal pathogen that can survive outside the host
and can easily spread and colonize the healthcare environment, medical devices, and human skin.
C. auris causes serious life-threatening infections (up to 60% mortality) in immunosuppressed patients
staying in such contaminated healthcare facilities. Some isolates of C. auris are resistant to virtually
all clinically available antifungal drugs. Therefore, alternative therapeutic approaches are urgently
needed. Using in silico protein modeling and analysis, we identified a highly immunogenic and
surface-exposed epitope that is conserved between C. albicans hyphal-regulated protein (Cal-Hyrlp)
and Hyrlp/Iff-like proteins in C. auris (Cau-HILp). We generated monoclonal antibodies (MAb)
against this Cal-Hyrlp epitope, which recognized several clinical isolates of C. auris representing
all four clades. An anti-Hyrlp MAD prevented biofilm formation and enhanced opsonophagocytic
killing of C. auris by macrophages. When tested for in vivo efficacy, anti-Hyrlp MADb protected 55%
of mice against lethal systemic C. auris infection and showed significantly less fungal burden. Our
study is highly clinically relevant and provides an effective alternative therapeutic option to treat
infections due to MDR C. auris.
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1. Introduction

Multi-drug resistance is often associated with bacterial infections and rarely with
fungal infections. However, this notion is now changing due to the rise in drug resistance
in fungal pathogens such as Candida auris [1]. Discovered only a decade ago, C. auris has
been reported from >140 countries around the globe [2,3]. C. auris evolved simultaneously
mainly in four major geographical regions: South Asia (Clade I), East Asia (Clade II), Africa
(Clade III), and South America (Clade IV) [1]. It has been established that 90% and 30%
of the clinical isolates are resistant to at least one or two antifungal drugs, respectively,
while several clinical isolates are resistant to all clinically available antifungal drugs and are
therefore untreatable [4-6]. C. auris can easily spread and colonize inanimate objects and
human skin in healthcare settings and poses a risk to immunosuppressed patients staying
in such contaminated healthcare facilities [7-9]. C. auris can infect this patient population
through attached invasive medical devices and surgical procedures [7,10-15]. Once C. auris
gains access to the bloodstream, it can disseminate to the kidney, heart, and other target
organs [16]. C. auris bloodstream infection is very difficult to treat and has a very high
mortality rate of up to ~60% [1]. More recently, the widespread use of corticosteroid therapy
to manage COVID-19-related infections resulted in the rise of COVID-19-associated fungal
infections including C. auris [17-20]. Consequently, the U.S. Centers for Disease Control
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and Prevention (CDC) declared C. auris as an “urgent threat to public health” in its recent
antimicrobial drug resistance report (AMR) [21-23].

C. auris has shown a wide range of drug resistance mechanisms (mutations in ERG
genes involved in ergosterol synthesis, efflux pump upregulations, etc.) across all clades,
thus making it difficult to develop new drug variants within the existing antifungal class
(azoles, polyenes, and echinocandins) [1,24,25]. Therefore, newer antifungal interventions
are urgently required. However, due to the multi-drug-resistant phenotype, C. auris will
likely develop resistance to any new drug developed in the future. Thus, alternative
immune therapeutic approaches using monoclonal antibodies can be more desirable in
treating MDR pathogens including C. auris. A pathogen is less likely to develop resis-
tance against monoclonal antibodies that target conserved epitopes and can be used in
combination with existing antimicrobial drugs.

C. albicans express several Glycosyl Phosphatidyl Inositol (GPI)-anchored cell wall
proteins which are critical in the fungus attachment to host cells, biofilm formation,
and iron acquisition [26,27]. Agglutinin-like sequence protein (Als) family and hyphal-
regulated (Hyr/Iff)-like proteins are two of the major proteins which are known for adhe-
sion/invasion of host tissues and evasion of host immune defense, respectively [28-31].
The N-terminal of these proteins is predominantly conserved and forms a 3-helical struc-
ture followed by an a-crystallin domain and shows structural similarities with different
bacterial adhesins [32-34].

Our research on C. albicans has shown tremendous success in developing alternative
immune-based approaches to control fungal infection. We have identified two C. albicans cell
surface proteins as potential vaccine candidates: Als3 protein (an adhesin/invasin) [35-39]
and Hyrlp (a phagocyte evasion factor) [31]. Vaccines containing recombinant N-terminal
region of Cal-Als3p or Cal-Hyrlp protected mice against systemic C. albicans infection [31,
40]. Moreover, NDV-3A, a Cal-Als3p-based Alum adjuvanted vaccine, protected women of
<40 years of age against vulvovaginal candidiasis in a phase 1b/2a clinical trial [41]. We
also discovered Cal-Als3p orthologs in C. auris and showed that immunosuppressed mice
can be protected by the NDV-3A vaccine from C. auris [42]. Furthermore, both Cal-Als3p
and Cal-Hyrlp are cross-kingdom vaccine antigens that have cross-protective epitopes
on Staphylococcus aureus and Gram-negative bacteria (Acinetobacter baumannii, Klebsiella
pneumoniae, and Pseudomonas aeruginosa) [43-45], respectively. We determined that Cal-
Hyrlp epitope#5 is responsible for this cross-reactive immunity against Gram-negative
bacteria, and a monoclonal IgM antibody (MAD) targeting epitope#5 protected mice from
pneumonia due to Gram-negative bacteria [44].

Recently, C. auris was shown to contain Cal-Hyrl/Iff-like proteins (Cau-HIL) [46].
Here, we identified a highly immunogenic and surface-exposed epitope (epitope#5) that
is conserved between Cal-Hyrlp and Cau-HILp. An anti-Hyrlp epitope#5 monoclonal
antibody can cross-recognize C. auris in vitro and protect mice from C. auris hematogenously
disseminated infection. These findings are highly clinically relevant and provide an effective
alternative to control infection by this MDR pathogen.

2. Materials and Methods
2.1. Candida Culture and Strains

C. auris strains representing all four clades (I-IV) were obtained from the Centers for
Disease Control and Prevention (CDC, Atlanta, Courtesy of Dr. Shawn Lockhart). Both
C. albicans (5C5314) and C. auris strains were grown in Yeast Extract Peptone Dextrose
(YPD) broth overnight in a shaker incubator at 30 °C/200 rpm. The next day, the yeast cells
were pelleted by centrifuging at 4000 rpm for 10 min at 4 °C, followed by washing three
times with 1x phosphate buffered saline (PBS). The yeast cells were finally suspended
in 1x PBS and counted by using a hemocytometer. For monoclonal antibody binding
assays, 5 x 10° cells/mL each of C. albicans and C. auris strains were added to RPMI-1640
media (supplemented with L-Glutamine and 10% fetal bovine serum) to allow germ tube
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formation (for C. albicans and mock conditions for C. auris) at 37 °C for 75 min with shaking
at 200 rpm [42].

2.2. In Silico Analysis

To investigate if orthologs of Cal-Hyrlp exist in C. auris, we conducted a sequence
homology search and used complimentary homology and energy-based modeling algo-
rithms (Phyre2) [47] to prioritize remote template detection, alignment, 3D modeling, and
ab initio protocols. Model refinement was performed with the iTasser server [48]. As a
confirmatory measure, additional stochastic modeling was undertaken using the Quark
server [49]. Select regions of resulting comparative homologs were then subjected to 3D
alignment to identify areas of greatest homology using the Smith-Waterman [50] algorithm,
as implemented within Chimera [51]. The top protein models with the highest confidence
score for each protein were used for structural similarity determination using the Tm-align
tool [52]. An alignment score (Tm-score) of >0.5-1.0 is considered to represent a high degree
of similarity in folded protein structure.

2.3. Monoclonal Antibody Generation

We sub-contracted the generation of monoclonal antibodies targeting Hyrlp#5 to
ProMab Biotechnologies, Inc. ProMab synthesized the peptide, conjugated with KLH for
mice immunization. After three immunizations, mice serum samples were collected and
screened for anti-Hyr1p#5 polyclonal antibodies using ELISA plates coated with peptide#5.
The mouse with the highest anti-Hyr1p#5 specific antibodies was selected for hybridoma
generation. The splenocytes were hybridized with Sp2/0 cells and selected for clones on a
selection media. After sub-cloning, 11 clones were selected from a pool of 3000 clones, and
their supernatants were collected for analysis using ELISA plates coated with peptide#5
and flow cytometry using C. albicans germ tubes. The top 2 clones showing high binding
to peptide#5 epitope and C. albicans germ tubes were selected for further development.
Selected hybridoma clones were cultured in a scaled-up bioreactor and MAbs were purified
using protein A /G column, as per the manufacturer’s instructions. The purity of MAbs was
confirmed using SDS-PAGE and quantified using UV measurements. After purification,
we verified the binding of MAbs to peptide#5 using ELISA, and to C. albicans germ tubes
and C. auris cells using flow cytometry.

2.4. Binding Affinity Determination by Microscale Thermophoresis (MST)

The binding affinity of the MAbs was determined by MST assay using Monolith
NT.115pico (NanoTemper Technologies, Munich, Germany). For the target, we conjugated
Hyrlp peptide#5 with bovine serum albumin protein and labeled it with NHS-Red (Nan-
oTemper Technologies, Munich, Germany). Briefly, 0.54 M of the conjugated peptide
was mixed with 2.5 pM of NHS-Red labeling dye in a 1:1 ratio, and unbound dye was
removed by spinning the mixture in a column provided with the labeling kit. A binding
assay was performed in 0.2 mL microtubes by adding 5 nM of the labeled target with a
series of 2-fold monoclonal antibody dilutions ranging from 3500 nM to 0.1 nM in Micro-
Scale Thermophoresis (MST) assay buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 10 mM
MgCl2, 0.05% Tween-20). This mixture was loaded on low-binding premium capillaries
(NanoTemper Technologies, Munich, Germany) and MST signals were measured with 5%
LED power and 25 °C fixed temperature. The recorded MST signals of each interaction
were plotted against the concentration on one graph. The data were fitted with the help of
the quadratic fitting formula (K4 formula) derived from the law of mass action. Average
binding affinities calculated from three independent experiments were reported for each
MAD clone.

2.5. Flow Cytometry

C. auris yeast or C. albicans germ tube cells were blocked with 1% bovine albumin
serum solution (in 1 x PBS) at 4 °C for 1 h. After blocking, these cells (2 x 10° cells/tube)
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were added to 1.5 mL microcentrifuge tubes and centrifuged at 13,000 rpm for 5 min. The
pellet was resuspended in 100 pL of HX01 or HX02 or isotype-matched control antibody
solution in 1x PBS and incubated for 1 h at room temperature. After the incubation, the
cells were washed three times with 1 x PBS before adding 100 uL of Alexa Fluor 488-labeled
anti-mouse IgG1 detection antibodies (1:100 dilution in PBS, Invitrogen, Waltham, MA,
USA). After 1 h of incubation at room temperature, the cells were washed three times and
resuspended in 300 pL of PBS. The stained cell suspension was transferred to flow tubes
and 20,000 events were acquired using an LSR II flow cytometer (BD Biosciences, San Jose,
CA, USA). Flow cytometry data were analyzed using Flow]o software (Version 10).

2.6. Biofilm Formation Assay

Biofilms were developed in 96-well polystyrene microtiter plates, as previously de-
scribed, with some modifications [42]. Briefly, 50 uL of C. auris cells (1 x 10° cells/mL in
YNB medium) was added to the wells (n = 6/test) containing 50 pL (10 ng) HXO01 or isotype
IgG1 control and incubated at 37 °C for 24 h. The next day, the wells were washed twice
with PBS and the extent of biofilm formation was quantified by XTT assay (450 nm). Data
are presented as % biofilm reduction ([1-OD450 of wells with HX01/0D450 of wells with
isotype IgG2 antibody] x 100) [42,53].

2.7. Opsonophagocytic Killing (OPK) Assay

The opsonophagocytic killing assay was based on a modification of a previously
used method [42]. Initially, 50 uL (1 x 10° yeast cells) of C. auris (CAU-03 or CAU-09)
was added into 96-well microtiter plates. To these wells, 50 pL (10 ug) of HX01 MAb or
isotype-matched control antibody was added and the plate was incubated at 4 °C for 1 h.
Murine macrophages were harvested from the intraperitoneal cavity of 6-to-8-week-old
CD-1 mice and washed twice with 1x PBS. This macrophage-enriched cell suspension was
pelleted and subsequently resuspended in 1 x RPMI (supplemented with 10% fetal bovine
serum) media. Macrophage cell suspension density was adjusted appropriately to achieve
2.5 x 10° cells /100 pL/well. The macrophage cells were added to the plate containing C.
auris (pre-incubated with no antibody, MAb/control antibody solution) at a 1:2.5 ratio of
yeast to phagocytes. C. auris cells without macrophages and antibody and C. auris with
macrophages but no antibody served as non-OPK controls. After 2 h of incubation with
gentle shaking, replicates (n = 5/test) from the wells were quantitatively plated in YPD
agar plates. The percent killing of C. auris was calculated using the following formula:
{(X =Y)/X} x 100, where X = C. auris CFU in the absence of antibody and macrophages
and Y = C. auris CFU with macrophages added in the presence or absence of antibody.

2.8. Mice Infection and Treatment

For antibody in vivo efficacy evaluation, we used ICR CD-1 mice immunosuppressed
with 200 mg/kg cyclophosphamide intraperitoneal (i.p.) and 250 mg/kg cortisone acetate
(sub-cutaneous) injections on day —2, relative to infection. To prevent bacterial superinfec-
tion in the immunosuppressed mice, we added enrofloxacin (at 50 pg/mL) to the drinking
water on the day of immunosuppression and continued for a week. These mice were
infected with C. auris (CAU-09) through tail vein injection using 5 x 107 yeast cells/mouse
inoculum. For C. albicans infection, immunocompetent ICR CD-1 mice were administered
2 x 10° yeast cells/mouse through the tail vein. The infected mice were treated with a
30 ng/mouse dose of either HX01 or IgG1 isotype control antibody on day +1, relative to
infection. A repeat dose of the antibodies was administered to mice on day +8, since anti-
body half-life in mice is expected to be ~4 to 8 days [54,55]. Infected mice were monitored
for their survival for 21 days.

For fungal burden determination, mice were infected and treated as above and then
euthanized on day 4 post-infection. The mice were weighed before euthanization, followed
by the harvesting of kidneys and hearts (primary target organs) [42] for fungal enumer-
ation. Briefly, organs from each mouse were weighed, homogenized, and quantitatively



J. Fungi 2023, 9,103

50f16

cultured by 10-fold serial dilutions on YPD plates. Plates were incubated at 37 °C for 48 h

before enumerating colony-forming units (CFUs)/gram of tissue. Finally, histopathological

examination of the kidneys or brains of mice sacrificed on day 4 post-infection were fixed

in 10% zinc-buffered formalin, embedded in paraffin, sectioned, and stained with Pacific

Acid Schiff (PAS) stain. Stained tissue sections were imaged on Olympus microscopy.
The entire study design is summarized in Figure 1.
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Figure 1. Overview of the Anti-Cal-Hyr1p peptide#5 MAb development and their in vitro and in vivo testing.
2.9. Statistical Analysis

Differences in survival studies were analyzed by the non-parametric Log-rank test for
overall survival and with Mantel-Cox comparisons for median survival times. All other
comparisons were conducted with the non-parametric Mann-Whitney test. p values < 0.05
were considered statistically significant.

3. Results
3.1. C. auris Has Orthologs of Cal-Hyr1p

C. auris has been reported to express orthologs of several C. albicans cell wall proteins,
including the Als3p and Hyrlp, which are only expressed on C. albicans hyphae [28,35]. To
investigate if orthologs of Cal-Hyrlp exist in C. auris, we conducted sequence homology
searches and protein structure modeling and alignment. Consistent with a previous report
showing the presence of at least eight Hyr/Iff-like proteins (HIL-1 to 8) in C. auris [46], we
found at least three cell surface Hyr/Iff-like proteins (HIL-5, 7, and 8) that are universally
present in all four clades of C. auris and have considerable sequence and structural homol-
ogy to Cal-Hyrl1p (Figure 2). The template modeling and alignment score (Tm-score) of the
N-terminal region of Cal-Hyrlp (1-320 amino acids) and its HIL orthologs (HIL-5: 1-366,
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HIL-7: 1-320, and HIL-8: 1-350 amino acids) in C. auris ranged from 0.74-0.85, indicating
highly similar protein folding structure. Earlier, we identified a highly immunogenic and
surface-exposed epitope on Cal-Hyrlp (Cal-Hyrlp#5 LKNAVTYDGPVPNN) [45]. This
epitope was found to be conserved and surface exposed among Cal-Hyrlp and C. auris
HIL orthologs (Figure 2).
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Figure 2. Cal-Hyr1 shows high structural similarity with Hyr1/Iff-like proteins (HIL) of C. auris.
Cal-Hyr1 was used to blast search similar proteins in C. auris. Top hits that also contain high sequence
identity with Cal-Hyr1 antigenic peptide#5 epitope were selected to generate a 3D model using the
iTasser server. Protein models containing cell surface-exposed N-terminal regions of each protein
were aligned against the Cal-Hyrlp model and Tm alignment scores were generated (Table). A Tm
score of >0.5 indicates proteins with similar folding. Cal-Hyr1p peptide#5 homologous regions are
visualized with blue spheres. Sequence homology between Cal-Hyr1 peptide#5 and C. auris HIL
proteins is shown under each model.

3.2. Anti-Cal-Hyr1p#5 Monoclonal Antibody Development

We contracted anti-Cal-Hyr1p#5 MAD generation to ProMab Biotechnologies, Inc.
ProMab provided culture supernatant containing IgG1 isotype MAbs from 11 hybridoma
clones (from a pool of 3000 clones). These clones were tested for binding to the original
Cal-Hyr1p#5 peptide epitope and the Cal-Hyr1p native protein on C. albicans germ tubes
by flow cytometry. All 11 clones showed binding to both Cal-Hyr1p#5 and C. albicans germ
tubes (Figure S1). We selected the top 2 clones (8G9D5 (HX01 hereafter) and 6F7C6 (HX02
hereafter) of the IgGl1 isotype) that also had cross-reactivity to Gram-negative bacteria,
since Cal-Hyr1p#5 is conserved among these bacteria [44,45]. The selected HX01 and HX02
MAD clones were produced and purified from scaled-up hybridoma cultures for further
testing (Figure 3A).

First, we determined the binding affinity of HX01 and HX02 MAb clones by microscale
thermophoresis (MST). The binding affinity (Kq) of HX01 and HX02 to Cal-Hyr1p peptide#5
epitope was 21.9 £ 6.0 nM and 40.5 £+ 4.9 (mean =+ standard deviation), respectively
(Figure 3B). Further, we investigated if Anti-Cal-Hyrlp antibodies would recognize C. auris
using flow cytometry. Binding of the two MAbs to C. albicans was used as a positive
control in this binding assay. Clones HX01 and HX02 bound to 28.6% and 24.8% of C. auris,
and 97.2% and 98.7% of C. albicans pregerminated cells, respectively, whereas an isotype-
matched IgG1 did not bind to any of the tested yeasts (Figure 3C). We chose HX01, which
has better binding affinity for further in vitro and in vivo testing. Specifically, we tested
the binding of HX01 against different clinical isolates of C. auris (i.e., CAU-01, CAU-03,
CAU-05, and CAU-7) representing different clades and found a strong binding activity
against all C. auris clades (Figure S2).
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Figure 3. Binding activity of purified anti-Cal-Hyrl MAbs. (A) An amount of 3 pg of purified HX01,
HX02, or BSA was loaded on the SDS page to determine its purity. (B) HX01 and HX02 binding
affinities were determined against Hyr1 peptide#5 conjugated with BSA. Antibody concentrations are
plotted against fluorescent signal captured. Data are the average of three independent experiments.
(C) Each organism (pre-germinated C. albicans SC5314, C. auris (CAU-09)) had 2 x 10° cells incubated
with 10 pg/mL of HX01 and HX02 MAD or an isotype-matched control IgG1. Bound antibodies were
detected by anti-mouse IgG1 labeled with Alexa Fluor 488. The extent of binding was quantified by
flow cytometry. Data are presented in a zebra plot highlighting the percentage of each organism that
was bound by each Ab.

3.3. HX01 MAb Inhibits C. auris Biofilm Formation In Vitro and Augments Macrophage
Opsonophagocytic Killing (OPK) of C. auris

C. auris HIL proteins orthologs are predicted adhesins and potentially involved in
biofilm formation [46]. We assessed if HX01 MADb can block C. auris biofilm formation.
C. auris was incubated in 96-well plates with either HX01 MAb or an isotype-matched IgG1
for 24 h. Next, the plate was gently washed with PBS and biofilm formation was quantified
by XTT assay [42]. Compared to wells that contained the pathogen and had no added
antibodies, HX01 MAb considerably inhibited C. auris biofilm formation (Figure 4A) by
30-40% vs. 10% biofilm inhibition with the isotype-matched IgG1.
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Figure 4. HX01 MAD inhibits C. auris biofilm formation and enhances OPK activity of murine
macrophages. (A) C. auris (0.1 million cells/well of CAU-03 and CAU-09 isolates) biofilm formation
was evaluated in 96-well plates in the presence of HX02 or an isotype-matched control IgG. HX01
significantly reduced C. auris biofilm formation compared to control IgG (1 = 6). Percent biofilm
inhibition was determined by comparing wells with C. auris with no antibody added. (B) OPK
of C. auris (0.1 million cells/well) by murine macrophages (0.25 million cells/well) was evaluated
in the presence of HX01 or an isotype-matched control IgG. HX01 significantly enhanced yeast
OPK compared to control antibody (1 = 5). Percent killing of C. auris was calculated by formula:
{(X =Y)/X} x 100, where X = C. auris CFU in the absence of antibody and macrophagesand Y = C. auris
CFU with macrophages added in the presence or absence of antibody. Data are representative of
two independent experiments. Statistical significance was determined by the Mann-Whitney Test.
p values < 0.05 were considered statistically significant.

IgG1 antibodies can opsonize and enhance the killing activity of phagocytes. We
evaluated the effect of HX01 MAD on the OPK activity of macrophages against C. auris.
C. auris strains CAU-03 and CAU-09 were incubated with HX01 MAD or isotype control
IgG1 or no antibody for 1 h, followed by the addition of murine macrophages. C. auris alone
(n =5 replicates) was also incubated to determine the original CFU. The percentage of
killed C. auris cells was determined by quantitative culture and presented as % OPK activity.
HX01 MAb enhanced murine macrophage OPK activity against both CAU-03 and CAU-09
strains of MDR C. auris by 30-35% compared to isotype-matched IgG1 (~75% killing with
HXO01 vs. ~40% in no antibody or isotype-matched control antibody) (Figure 4B).

3.4. HX01 MAb Protects Mice from Hematogenously Disseminated Candidiasis Due to
C. auris Infection

Considering that HX01 MAb binds to C. auris and has anti-C. auris activity in vitro, we
tested the efficacy of HX01 MAD in the mouse infection model. Immunosuppressed outbred
CD-1 mice (n = 20/ group from two independent experiments with similar results) were
infected intravenously with a clinical isolate of C. auris (CAU-09) resistant to azoles and
amphotericin B, and were treated with a 30 pg/mouse dose of HX01 or an isotype-matched
IgG1 on days 1 and 8 post-infection. The infected mice were monitored for survival efficacy
for 21 days; 55% of HX01-treated mice survived with a median survival time >21 days
compared to the isotype-matched IgG1l-treated mice that had only 10% survival with
14.5 days median survival time (Figure 5A).

In a different set of experiments, we infected and treated immunosuppressed mice
(n = 20/group from two independent experiments with similar results) as above and
sacrificed the mice by day +4 post-infection to evaluate the tissue fungal burden in the
target organs (kidney and heart) [42]. Mice treated with HX01 had 10 times less (~1.0-log)
fungal burden in both the kidney and heart vs. mice treated with isotype-matched IgG1
(Figure 5B). Moreover, histopathological examination of kidneys and hearts collected from
mice sacrificed at the same time point of the tissue fungal burden experiment (i.e., day
+4 post-infection) corroborated the tissue fungal burden data. Specifically, HX01 treatment
resulted in a significant reduction in the number and size of C. auris infection foci present
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in kidneys and hearts compared to foci found in organs harvested from isotype-matched
IgGl-treated mice (Figure 6). Collectively, these data clearly show that HX01 significantly
protected mice from systemic MDR C. auris infection.
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Figure 5. HX01 MAD protects mice from C. auris infection. CD-1 mice (n = 20/group) were immuno-
suppressed with cyclophosphamide and cortisone acetate. Two days after the immunosuppression,
mice were infected intravenously with C. auris CAU-09 (5 x 107 cells). After 24 h of infection, mice
were randomized and divided into two treatment groups of 30 ug/mouse of either HX01 MAb or
an isotype-matched control IgG1 (i.p.). Mice survival (compared by Log-rank Test) (A) or tissue
fungal burden (determined by quantitative culturing on day +4, relative to infection, and analyzed
by the Mann-Whitney Test) of the kidney and heart (B) were evaluated in separate experiments.
Data in (A,B) were combined from two independent experiments. p values < 0.05 were considered
statistically significant.

3.5. HX01 Does Not Protect Mice from Hematogenously Disseminated Candidiasis Due to C.
albicans Infection

We also tested HX01 against C. albicans in an immunocompetent hematogenously
disseminated candidiasis mouse model. While 30% of mice treated with HX01 survived the
infection by day 21 vs. 0% for isotype-matched control-treated mice, this difference was not
significant (p = 0.159). Additionally, the median survival time for mice treated with HX01
and isotype-matched control-treated mice was 11 and 9.5 days, respectively (Figure S3).
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Figure 6. Histopathology of C. auris-infected mice treated with HX01 MAb. Immunosuppressed CD-1
mice were infected intravenously with C. auris CAU-09 (5 x 107 cells) and treated with 30 j1g/mouse
of HX01 MAD or an isotype-matched control IgG1 (i.p.) on day +1 post-infection. Mouse kidney
(A) and heart (B) histopathology sections were stained with PAS and imaged using Olympus bright
field microscopy. Blue boxes in top panels represent areas magnified at 20x and 40x in the middle
and lower panels, respectively.

4. Discussion

The emergence of multi-drug resistance in fungal pathogens such as C. auris highlights
the importance of developing alternative measures to antifungal drug therapy. Previously,
we have shown that active and passive vaccination strategies using rHylp-N as a target
antigen results in significant protection of mice from C. albicans infections [56,57]. C. auris
has been reported to express orthologs of several C. albicans cell wall proteins, including
those exclusively expressed on C. albicans hyphae [42]. To investigate if orthologs of Cal-
Hyrlp exist in C. auris, we conducted in silico protein modeling and homology analysis.
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We found that C. auris contains cell wall proteins that share both sequence and structural
similarity with C. albicans Hyr /Iff-like (HIL) proteins. The presence of these Cau-HIL
proteins has been previously reported [46]. At least three of these HIL proteins have a high
Tm score compared with Cal-Hyrlp, are predicted to be surface exposed, and are present
among all four clades of C. auris [46].

Previously, we showed that Cal-Hyrlp has a high structural similarity with Gram-
negative bacterial cell wall proteins including outer membrane protein A (OmpA) and
filamentous hemagglutinin protein (FhaB) [44,45]. Moreover, we have identified a shared
epitope (epitope#5) on Cal-Hyr1p that was also mapped on FhaB and OmpA. Our extensive
bioinformatics analyses showed that this epitope#5 is highly immunogenic, surface exposed,
and conserved among the three HIL proteins identified to be present in all four clades
of C. auris (Figure 2). We previously showed that MAbs targeting epitope#5 recognized
Gram-negative bacteria and protected mice from pneumonia due to Acinetobacter baumannii
or Klebsiella pneumoniae [44,45]. Here, we show that Cal-Hyr1 epitope#5 is also shared with
C. auris HIL proteins, and MAbs (HX01 and HX02) targeting this epitope also recognize the
cell surface of all four clades of C. auris. As expected, the binding of HX01 and HX02 to
C. auris was less than the binding of these MABs to C. albicans pregerminated cells, since
these MAbs were raised against C. albicans epitope#5.

The anti-epitope#5 HX01 IgG1 demonstrated significant protective activity against
murine C. auris hematogenously disseminated infection. This activity was shown in
prolonged survival, reduction in tissue fungal burden, and improved organ architecture of
mice treated with physiological concentration of HX01 when compared to mice treated with
control isotype-matched IgG1. Although detailed studies need to be performed to decipher
the mechanism of protection of HX01, it is reasonable to predict that this protection can be
due to the ability of HX01 to reduce the ability of C. auris to form biofilm. Multicellular
communities such as biofilms present in abscesses are thought to protect the pathogen
from immune cell recognition/elimination and from antimicrobial drug treatment [58].
Similar to C. albicans Als and Iff/Hyr proteins, C. auris cell wall orthologs of Als and HIL
are predicted to encode proteins that have domains rich in serine/threonine repeats and
aggregates forming sequences. Such sequences are important for Candida adhesion and
biofilm formation. Indeed, HX01 was able to reduce the ability of C. auris biofilm formation
in vitro and reduce the number and size of abscesses in vivo. However, it is noted from
comparative genomics, and our previous work with Als orthologs, that the HIL family
members are not the only proteins that can be implicated in adhesion and biofilm formation
of C. auris [42,46,59,60]. Further, mechanistic studies are needed to decipher the mechanism
by which HX01 protects against biofilm formation.

Another potential mechanism of protection of HX01 is the ability of the MAb to
enhance phagocyte killing of the yeast. HX01 enhanced the ability of murine macrophages
to kill C. auris ex vivo by ~2-fold compared to an isotype-matched IgG1 (Figure 4B). This
was also evident by the ~1-log reduction in tissue fungal burden of the target organs
harvested from mice treated with HX01 vs. those treated with the control isotype-matched
IgG1. Importantly, the protective activity of HX01 was seen in a neutropenic mouse model.
Although cyclophosphamide treatment results in pancytopenia, it has minimal effect on
tissue macrophages, which are derived from embryonic, and not hematopoietic, origin [61].
These results are in agreement with a previous report showing that several fully human
MAD targeting Hyrlp bound to C. auris and enhanced phagocytosis and clearance of the
yeast by mouse macrophages [62].

In addition to targeting C. albicans Hyr1p, several MAbs have been tested in preclinical
models of C. auris infections. These MAbs also target C. auris cell wall proteins and have pro-
tective efficacy in disseminated candidiasis mouse models. A murine monoclonal antibody
2G8 raised against 3-1,3 glucans was shown to bind to multiple pathogenic fungi including
Candida spp. and Aspergillus. A humanized version of this antibody (H5K1) bound to
C. auris, inhibited the growth of the yeast when used alone, and had a synergistic effect
in the time kill curve of C. auris when combined with either caspfungin or amphotericin
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B [63]. In addition, and similar to HX01, H5K1 enabled enhanced phagocytosis of C. auris
by macrophages [63]. However, no data exist on the efficacy of H5K1 in an in vivo model
of infection.

Another MADb C3.1 that targets 3-1,2-mannotriose (3-Manj) significantly extended
survival and reduced fungal burdens in target organs of C. auris-infected mice [64]. Fur-
thermore, two MAbs, 6H1 and 9F2, that target the hyphal wall protein 1 (Hwp1) and
phosphoglycerate kinase 1 (Pgkl), respectively, significantly enhanced the survival of
mice infected with C. auris and reduced fungal burden of targeted organs. Interestingly,
a 6H1+9F2 cocktail induced significantly enhanced protection, compared to treatment
with MADb individually [64]. It is possible that the addition of HX01 to this cocktail might
enhance the protection outcome.

While HX01 was protective against C. auris murine infection, the MAb did not protect
against murine C. albicans infection. This difference in activity of HX01 is likely due to the
difference in the mechanism of protection against these two distinct infections. Although
antibodies against certain antigens were shown to be protective in mice infected with
C. albicans (see below), a protective immune response against C. albicans hematogenous
infections are known to be reliant on Th1/Th17 immune responses [65]. In contrast,
antibodies appear to play a protective role against C. auris [42].

Protective MAbs against hematogenously disseminated C. albicans infection have been
reported. For example, a mouse MAb 2G8 (IgG2b) targeting (3-glucans protects mice from
C. albicans hematogenous infection [66]. However, the in vivo efficacy against systemic C.
albicans infection was not reported. Another MAb B6.1 (murine IgM) targeting C. albicans
(3-1,2-mannotriose administered 1 h post-infection reduced fungal burden by ~28% and
enhanced survival time. However, administration of B6.1 to mice 2 h post-infection was not
protective. Interestingly, administration of B6.1 with non-therapeutic doses of amphotericin
B enhanced survival time of mice beyond what is seen by treatment of B6.1 alone [67].
Furthermore, treating mice with anti-aspartic proteinase antibodies protected mice from
C. albicans infection [68]. Mycograb, a recombinant scFv anti-HSP90 (chaperone protein
of C. albicans), has shown protective efficacy against C. albicans [69]. Mycograb was tested
against systemic candidiasis in clinical trials, but was not approved by regulatory agencies
due to product safety and quality issues.

Therapeutic MAbs targeting different cell wall proteins and polysaccharides have
also been reported against other fungi in murine models. Murine MAbs targeting cap-
sular polysaccharide purified from Cryptococcus neoformans were found to increase the
survival of mice and reduce fungal burden in target organs [70]. Another murine IgG1
MAD, 18B7, which targets C. neoformans polysaccharide, has shown treatment benefits in
clinical trials [71]. Murine IgG1 MAb (P6E?7) targeting 70 kDa glycoprotein of Sporothrix
spp. reduced fungal burden in the spleen and liver of mice infected with S. schenchii [72].
Similarly, a cocktail of murine IgG1 MAbs (B7D6 and C5F11) targeting 70 kDa glycoprotein
of Paracoccidioides brasiliensis was protective in a murine model of paracoccidioidomyco-
sis [73]. Murine MAb against histone H2B of Histoplasma capsulatum prolonged survival,
reduced fungal burden, and decreased inflammation in a mouse model of infection [74].
MAD R-5 targeting enolase (a 48 kDa protein) of Aspergillus spp. reduced fungal burden
by ~85% and significantly improved mice survival [75]. Finally, C2 mouse MADb (IgG1)
targeting the invasin, CotH3 protein, was protective against murine mucormycosis due to
several Mucorales fungi [76]. Several of these MAbs were also tested in combination with
antifungal drugs in a murine model of systemic mycoses and found to have significantly
enhanced protective efficacies compared to monotherapy. The protective mechanism of
these MAbs include enhancement of opsonophagocytic killing, prevention of host tissue
invasion and biofilm formation, direct fungal killing, and growth inhibition, as well as
enhancement of immune functions. Collectively, these studies provide compelling evidence
to make a case for therapeutic MAb against systemic fungal infections, including those
caused by C. auris.
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5. Conclusions

In conclusion, we showed that MDR C. auris contains HIL proteins, and those proteins
can be an ideal target for immunotherapeutic antibodies. Considering the scarcity of
effective antifungal drugs and the lack of other alternative treatment options, a HIL protein-
based MADb approach is likely to prove highly effective in managing C. auris infections.
This application of antibodies can be either for prophylactic measure in high-risk patients,
since MAbs usually have a long half-life in humans [77], or therapeutically with antifungal
therapy. Our future studies will focus on the isolation of a humanized version of HX01, the
determination of its toxicity, and the development of a viable cell line that will produce the
humanized MAD in commercial quantities to enable clinical trial testing.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jof9010103 /s1, Figure S1: Mouse hybridoma clones produced
MADs that recognize Cal-Hyrl#peptide5 and native epitopes on C. albicans. Figure S2: Anti-Cal-Hyr1
MADb (HX02) binds to different C. auris isolates. Figure S3: Anti-Cal-Hyrl MAb (HX01) does not
protect against systemic C. albicans infection.

Author Contributions: Conceptualization, A.S.I.; experimental design, S.S. and A.S.I.; animal ex-
periments, S.S., A.B., E.G.Y. and T.G.; histopathological staining, E.G.Y.; in vitro assays, D.C.; data
collection, S.S.; data recording, A.B.; data analysis, S.S. and A.S.I; writing—original draft preparation,
S.S. and A.S.L; supervision, S.S. and A.S.L; funding, A.S.I. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by a NIH NIAID 1R01AI141202 grant to A.S.I. S.S. was supported
by the American Heart Association award number 938451 and NIH National Center for Advancing
Translational Science (NCATS) UCLA CTSI grant number KL2TR001882.

Institutional Review Board Statement: All animal procedures were conducted according to the NIH
guidelines for animal housing and care and were approved by the IACUC of The Lundquist Institute
at Harbor-UCLA Medical Center under protocol number 31413. Moribund mice were identified by
any of the following conditions: 1. hunched posture/no mobility, 2. hypothermia, 3. tilted head
or spinning, 4. rolling barrel movement. Moribund mice were humanely euthanized, as per the
approved IACUC protocol.

Informed Consent Statement: No human subject was involved.
Data Availability Statement: All data supporting the findings in this manuscript are available upon request.

Conflicts of Interest: A.S.L is a founder of Vitalex Biosciences, which is developing novel antifungal
immunotherapies. All other co-authors have no conflict of interest to disclose.

References

1.

Lockhart, S.R.; Etienne, K.A.; Vallabhaneni, S.; Farooqi, J.; Chowdhary, A.; Govender, N.P.; Colombo, A.L.; Calvo, B.; Cuomo,
C.A,; Desjardins, C.A.; et al. Simultaneous Emergence of Multidrug-Resistant Candida auris on 3 Continents Confirmed by
Whole-Genome Sequencing and Epidemiological Analyses. Clin. Infect. Dis. 2017, 64, 134-140. [CrossRef]

Centers for Disease Control and Prevention Screening for Candida auris Colonization | Candida auris | Fungal Diseases | CDC.
Available online: https://www.cdc.gov/fungal/candida-auris/c-auris-screening.html (accessed on 10 December 2022).

CDC Tracking Candida auris. Available online: https://www.cdc.gov/fungal/candida-auris/tracking-c-auris.html (accessed on
10 December 2022).

Chakrabarti, A.; Sood, P.; Rudramurthy, S.M.; Chen, S.; Kaur, H.; Capoor, M.; Chhina, D.; Rao, R.; Eshwara, VK.; Xess, L; et al.
Incidence, Characteristics and Outcome of ICU-Acquired Candidemia in India. Intensive Care Med. 2015, 41, 285-295. [CrossRef]
[PubMed]

Lee, W.G; Shin, J.H.; Uh, Y; Kang, M.G.; Kim, S.H.; Park, K.H.; Jang, H.C. First Three Reported Cases of Nosocomial Fungemia
Caused by Candida auris. ]. Clin. Microbiol. 2011, 49, 3139-3142. [CrossRef] [PubMed]

Sarma, S.; Upadhyay, S. Current Perspective on Emergence, Diagnosis and Drug Resistance in Candida auris. Infect. Drug Resist.
2017, 10, 155-165. [CrossRef] [PubMed]

Adams, E.; Quinn, M,; Tsay, S.; Poirot, E.; Chaturvedi, S.; Southwick, K.; Greenko, J.; Fernandez, R.; Kallen, A.; Vallabhaneni, S.;
et al. Candida auris in Healthcare Facilities, New York, USA, 2013-2017. Emerg. Infect. Dis. 2018, 24, 1816-1824. [CrossRef]


https://www.mdpi.com/article/10.3390/jof9010103/s1
https://www.mdpi.com/article/10.3390/jof9010103/s1
http://doi.org/10.1093/cid/ciw691
https://www.cdc.gov/fungal/candida-auris/c-auris-screening.html
https://www.cdc.gov/fungal/candida-auris/tracking-c-auris.html
http://doi.org/10.1007/s00134-014-3603-2
http://www.ncbi.nlm.nih.gov/pubmed/25510301
http://doi.org/10.1128/JCM.00319-11
http://www.ncbi.nlm.nih.gov/pubmed/21715586
http://doi.org/10.2147/IDR.S116229
http://www.ncbi.nlm.nih.gov/pubmed/28652784
http://doi.org/10.3201/eid2410.180649

J. Fungi 2023, 9,103 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.
30.
31.
32.
33.

34.

National Center for Emerging and Zoonotic Infectious Diseases (NCEZID); Center for Disease Control and Prevention (CDC).
Candida auris: A Drug-Resistant Germ That Spreads in Healthcare Facilities. Available online: https://www.cdc.gov/fungal/
diseases/candidiasis/pdf/Candida_auris_508.pdf (accessed on 10 December 2022).

Piedrahita, C.T.; Cadnum, J.L.; Jencson, A.L.; Shaikh, A.A.; Ghannoum, M.A.; Donskey, C.J. Environmental Surfaces in Healthcare
Facilities Are a Potential Source for Transmission of Candida auris and Other Candida Species. Infect. Control Hosp. Epidemiol. 2017,
38,1107-1109. [CrossRef]

Vallabhaneni, S.; Kallen, A.; Tsay, S.; Chow, N.; Welsh, R.; Kerins, J.; Kemble, S.K.; Pacilli, M.; Black, S.R.; Landon, E.; et al.
Investigation of the First Seven Reported Cases of Candida auris, a Globally Emerging Invasive, Multidrug-Resistant Fungus—
United States, May 2013—-August 2016. Am. ]. Transplant. 2017, 17, 296-299. [CrossRef]

Mathur, P.; Hasan, F; Singh, PK.; Malhotra, R.; Walia, K.; Chowdhary, A. Five-Year Profile of Candidaemia at an Indian Trauma
Centre: High Rates of Candida auris Blood Stream Infections. Mycoses 2018, 61, 674-680. [CrossRef]

Jeffery-Smith, A.; Taori, S.K.; Schelenz, S.; Jeffery, K.; Johnson, E.M.; Borman, A.; Manuel, R.; Browna, C.S. Candida auris: A Review
of the Literature. Clin. Microbiol. Rev. 2018, 31, €00029-17. [CrossRef]

Chowdhary, A.; Voss, A.; Meis, J.E. Multidrug-Resistant Candida auris: ‘New Kid on the Block” in Hospital-Associated Infections?
J. Hosp. Infect. 2016, 94, 209-212. [CrossRef]

Horton, M.V,; Nett, ].E. Candida auris infection and biofilm formation: Going beyond the surface. Curr. Clin. Microbiol. Rep. 2020,
7,51-56. [CrossRef] [PubMed]

Sherry, L.; Ramage, G.; Kean, R.; Borman, A.; Johnson, E.M.; Richardson, M.D.; Rautemaa-Richardson, R. Biofilm-Forming
Capability of Highly Virulent, Multidrug-Resistant Candida auris. Emerg. Infect. Dis. 2017, 23, 328-331. [CrossRef] [PubMed]
Morales-Lépez, S.E.; Parra-Giraldo, C.M.; Ceballos-Garzon, A.; Martinez, H.P,; Rodriguez, G.J.; Alvarez-Moreno, C.A.; Rodriguez,
J.Y. Invasive Infections with Multidrug-Resistant Yeast Candida auris, Colombia. Emerg. Infect. Dis. 2017, 23, 162-164. [CrossRef]
[PubMed]

Abdoli, A.; Falahi, S.; Kenarkoohi, A. COVID-19-Associated Opportunistic Infections: A Snapshot on the Current Reports. Clin.
Exp. Med. 2022, 22, 327-346. [CrossRef] [PubMed]

Arastehfar, A.; Carvalho, A.; Nguyen, M.H.; Hedayati, M.T.; Netea, M.G.; Perlin, D.S.; Hoenigl, M. COVID-19-Associated
Candidiasis (Cac): An Underestimated Complication in the Absence of Immunological Predispositions? J. Fungi 2020, 6, 211.
[CrossRef]

Chowdhary, A.; Sharma, A. The Lurking Scourge of Multidrug Resistant Candida auris in Times of COVID-19 Pandemic. |. Glob.
Antimicrob. Resist. 2020, 22, 175-176. [CrossRef]

Peman, J.; Ruiz-Gaitan, A.; Garcia-Vidal, C.; Salavert, M.; Ramirez, P.; Puchades, F.; Garcia-Hita, M.; Alastruey-Izquierdo, A.;
Quindés, G. Fungal Co-Infection in COVID-19 Patients: Should We Be Concerned? Rev. Iberoam. Micol. 2020, 37, 41-46. [CrossRef]
CDC 2019 Antibiotic Resistance Threats Report | CDC. Available online: https://www.cdc.gov/drugresistance/Biggest-Threats.
html%0Ahttps:/ /www.cdc.gov/drugresistance/ /biggest-threats.html (accessed on 9 November 2022).

Kean, R,; Ramage, G. Combined Antifungal Resistance and Biofilm Tolerance: The Global Threat of Candida auris. mSphere 2019, 4, e€00458-19.
[CrossRef]

Meis, ].E.; Chowdhary, A. Candida auris: A Global Fungal Public Health Threat. Lancet Infect. Dis. 2018, 18, 1298-1299. [CrossRef]
Healey, K.R.; Kordalewska, M.; Ortigosa, C.J.; Singh, A.; Berrio, I; Chowdhary, A.; Perlin, D.S. Limited ERG11 Mutations Identified in
Isolates of Candida auris Directly Contribute to Reduced Azole Susceptibility. Antimicrob. Agents Chemother. 2018, 62, e01427-18. [CrossRef]
Chatterjee, S.; Alampalli, S.V.; Nageshan, R.K.; Chettiar, S.T.; Joshi, S.; Tatu, U.S. Draft Genome of a Commonly Misdiagnosed
Multidrug Resistant Pathogen Candida auris. BMC Genom. 2015, 16, 686. [CrossRef] [PubMed]

Klis, FM.; Sosinska, G.J.; de Groot, PW.].; Brul, S. Covalently Linked Cell Wall Proteins of Candida albicans and Their Role in
Fitness and Virulence. FEMS Yeast Res. 2009, 9, 1013-1028. [CrossRef] [PubMed]

de Groot, PW.]J.; de Boer, A.D.; Cunningham, J.; Dekker, H.L.; de Jong, L.; Hellingwerf, K.J.; de Koster, C.; Klis, EM. Proteomic
Analysis of Candida albicans Cell Walls Reveals Covalently Bound Carbohydrate-Active Enzymes and Adhesins. Eukaryot. Cell
2004, 3, 955-965. [CrossRef]

Bailey, D.A.; Feldmann, P].E,; Bovey, M.; Gow, N.A.R.; Brown, A.J.P. The Candida albicans HYR1 Gene, Which Is Activated in
Response to Hyphal Development, Belongs to a Gene Family Encoding Yeast Cell Wall Proteins. J. Bacteriol. 1996, 178, 5353-5360.
[CrossRef] [PubMed]

Hoyer, L.L. The ALS Gene Family of Candida albicans. Trends Microbiol. 2001, 9, 176-180. [CrossRef] [PubMed]

Lipke, PN. What We Do Not Know about Fungal Cell Adhesion Molecules. J. Fungi 2018, 4, 59. [CrossRef]

Luo, G.; Ibrahim, A.S.; Spellberg, B.; Nobile, C.J.; Mitchell, A.P.,; Fu, Y. Candida albicans Hyr1p Confers Resistance to Neutrophil
Killing and Is a Potential Vaccine Target. J. Infect. Dis. 2010, 201, 1718-1728. [CrossRef]

Wang, L.; Che, X,; Jiang, J.; Qian, Y.; Wang, Z. New Insights into Ocular Complications of Human Immunodeficiency Virus
Infection. Curr. HIV Res. 2021, 19, 476-487. [CrossRef]

Reithofer, V.; Ferndndez-Pereira, J.; Alvarado, M.; de Groot, P; Essen, L.O. A Novel Class of Candida glabrata Cell Wall Proteins
with 3-Helix Fold Mediates Adhesion in Clinical Isolates. PLoS Pathog. 2021, 17, €1009980. [CrossRef]

Koteiche, H.A.; Mchaourab, H.S. Folding Pattern of the a-Crystallin Domain in AA-Crystallin Determined by Site-Directed Spin
Labeling. J. Mol. Biol. 1999, 294, 561-577. [CrossRef]


https://www.cdc.gov/fungal/diseases/candidiasis/pdf/Candida_auris_508.pdf
https://www.cdc.gov/fungal/diseases/candidiasis/pdf/Candida_auris_508.pdf
http://doi.org/10.1017/ice.2017.127
http://doi.org/10.1111/ajt.14121
http://doi.org/10.1111/myc.12790
http://doi.org/10.1128/CMR.00029-17
http://doi.org/10.1016/j.jhin.2016.08.004
http://doi.org/10.1007/s40588-020-00143-7
http://www.ncbi.nlm.nih.gov/pubmed/33178552
http://doi.org/10.3201/eid2302.161320
http://www.ncbi.nlm.nih.gov/pubmed/28098553
http://doi.org/10.3201/eid2301.161497
http://www.ncbi.nlm.nih.gov/pubmed/27983941
http://doi.org/10.1007/s10238-021-00751-7
http://www.ncbi.nlm.nih.gov/pubmed/34424451
http://doi.org/10.3390/jof6040211
http://doi.org/10.1016/j.jgar.2020.06.003
http://doi.org/10.1016/j.riam.2020.07.001
https://www.cdc.gov/drugresistance/Biggest-Threats.html%0Ahttps://www.cdc.gov/drugresistance//biggest-threats.html
https://www.cdc.gov/drugresistance/Biggest-Threats.html%0Ahttps://www.cdc.gov/drugresistance//biggest-threats.html
http://doi.org/10.1128/mSphere.00458-19
http://doi.org/10.1016/S1473-3099(18)30609-1
http://doi.org/10.1128/AAC.01427-18
http://doi.org/10.1186/s12864-015-1863-z
http://www.ncbi.nlm.nih.gov/pubmed/26346253
http://doi.org/10.1111/j.1567-1364.2009.00541.x
http://www.ncbi.nlm.nih.gov/pubmed/19624749
http://doi.org/10.1128/EC.3.4.955-965.2004
http://doi.org/10.1128/jb.178.18.5353-5360.1996
http://www.ncbi.nlm.nih.gov/pubmed/8808922
http://doi.org/10.1016/S0966-842X(01)01984-9
http://www.ncbi.nlm.nih.gov/pubmed/11286882
http://doi.org/10.3390/jof4020059
http://doi.org/10.1086/652407
http://doi.org/10.2174/1570162X19666210812113137
http://doi.org/10.1371/journal.ppat.1009980
http://doi.org/10.1006/jmbi.1999.3242

J. Fungi 2023, 9,103 150f 16

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

Liu, Y.; Filler, S.G. Candida albicans Als3, a Multifunctional Adhesin and Invasin. Eukaryot. Cell 2011, 10, 168-173. [CrossRef]
[PubMed]

Fu, Y,; Phan, Q.T,; Luo, G; Solis, N.v;; Liu, Y.; Cormack, B.P; Edwards, J.E.; Ibrahim, A.S.; Filler, S.G. Investigation of the Function
of Candida albicans Als3 by Heterologous Expression in Candida glabrata. Infect. Immun. 2013, 81, 2528-2535. [CrossRef] [PubMed]
Ibrahim, A.S.; Spellberg, B.].; Avanesian, V.; Fu, Y.; Edwards, J.E. The Anti-Candida Vaccine Based on the Recombinant N-Terminal
Domain of Alslp Is Broadly Active against Disseminated Candidiasis. Infect. Immun. 2006, 74, 3039-3041. [CrossRef]

Spellberg, B.].; Ibrahim, A.S.; Avenissian, V.; Filler, S.G.; Myers, C.L.; Fu, Y.; Edwards, J.E. The Anti-Candida albicans Vaccine
Composed of the Recombinant N Terminus of Alslp Reduces Fungal Burden and Improves Survival in Both Inmunocompetent
and Immunocompromised Mice. Infect. Immun. 2005, 73, 6191-6193. [CrossRef] [PubMed]

Schmidt, C.S.; White, C.J.; Ibrahim, A.S.; Filler, S.G.; Fu, Y.; Yeaman, M.R.; Edwards, J.E.; Hennessey, ].P. NDV-3, a Recombinant
Alum-Adjuvanted Vaccine for Candida and Staphylococcus aureus, Is Safe and Immunogenic in Healthy Adults. Vaccine 2012, 30,
7594-7600. [CrossRef] [PubMed]

Spellberg, B.].; Ibrahim, A.S.; Avanesian, V.; Fu, Y.; Myers, C.; Phan, Q.T.; Filler, S.G.; Yeaman, M.R.; Edwards, ].E. Efficacy of the
Anti-Candida RAls3p-N or RAls1p-N Vaccines against Disseminated and Mucosal Candidiasis. J. Infect. Dis. 2006, 194, 256-260.
[CrossRef]

Edwards, J.E.; Schwartz, M.M.; Schmidt, C.S.; Sobel, ].D.; Nyirjesy, P.; Schodel, E; Marchus, E.; Lizakowski, M.; Demontigny, E.A.;
Hoeg, J.; et al. A Fungal Immunotherapeutic Vaccine (NDV-3A) for Treatment of Recurrent Vulvovaginal Candidiasis-A Phase 2
Randomized, Double-Blind, Placebo-Controlled Trial. Clin. Infect. Dis. 2018, 66, 1928-1936. [CrossRef]

Singh, S.; Uppuluri, P.; Mamouei, Z.; Alqarihi, A.; Elhassan, H.; French, S.; Lockhart, S.R.; Chiller, T.; Edwards, J.E.; Ibrahim, A.S.
The NDV-3A Vaccine Protects Mice from Multidrug Resistant Candida auris Infection. PLoS Pathog. 2019, 15, €1007460. [CrossRef]
Spellberg, B.; Ibrahim, A.S.; Yeaman, M.R,; Lin, L.; Fu, Y.; Avanesian, V.; Bayer, A.S,; Filler, S.G; Lipke, P.; Otoo, H.; et al. The
Antifungal Vaccine Derived from the Recombinant N Terminus of Als3p Protects Mice against the Bacterium Staphylococcus
aureus. Infect. Immun. 2008, 76, 4574-4580. [CrossRef]

Youssef, E.G.; Zhang, L.; Alkhazraji, S.; Gebremariam, T.; Singh, S.; Yount, N.Y.; Yeaman, M.R.; Uppuluri, P; Ibrahim, A.S.
Monoclonal IgM Antibodies Targeting Candida albicans Hyrl Provide Cross-Kingdom Protection Against Gram-Negative
Bacteria. Front. Immunol. 2020, 11, 76. [CrossRef]

Uppuluri, P; Lin, L.; Alqarihi, A.; Luo, G.; Youssef, E.G.; Alkhazraji, S.; Yount, N.Y.; Ibrahim, B.A.; Bolaris, M.A.; Edwards, J.E,;
et al. The Hyrl Protein from the Fungus Candida albicans Is a Cross Kingdom Immunotherapeutic Target for Acinetobacter
Bacterial Infection. PLoS Pathog. 2018, 14, €1007056. [CrossRef]

Smoak, R.A.; Snyder, L.F,; Fassler, ].S.; He, B.Z. Parallel Expansion and Divergence of the Hyr/Iff-like (Hil) Adhesin Family in
Pathogenic Yeasts Including Candida auris. bioRxiv 2022. [CrossRef]

Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.N.; Sternberg, M.].E. The Phyre2 Web Portal for Protein Modeling, Prediction and
Analysis. Nat. Protoc. 2015, 10, 845-858. [CrossRef] [PubMed]

Yang, J.; Yan, R.; Roy, A.; Xu, D.; Poisson, J.; Zhang, Y. The I-TASSER Suite: Protein Structure and Function Prediction. Nat.
Methods 2014, 12, 7-8. [CrossRef] [PubMed]

Xu, D.; Zhang, Y. Ab Initio Protein Structure Assembly Using Continuous Structure Fragments and Optimized Knowledge-Based
Force Field. Proteins Struct. Funct. Bioinform. 2012, 80, 1715-1735. [CrossRef] [PubMed]

Smith, T.F.; Waterman, M.S. Identification of Common Molecular Subsequences. ]. Mol. Biol. 1981, 147, 195-197. [CrossRef]
Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A Visualiza-
tion System for Exploratory Research and Analysis. J. Comput. Chem. 2004, 25, 1605-1612. [CrossRef]

Zhang, Y.; Skolnick, J. TM-Align: A Protein Structure Alignment Algorithm Based on the TM-Score. Nucleic Acids Res. 2005, 33,
2302-2309. [CrossRef]

Uppuluri, P; Singh, S.; Alqarihi, A.; Schmidt, C.S.; Hennessey, ].P.; Yeaman, M.R; Filler, S.G.; Edwards, ].E.; Ibrahim, A.S. Human
Anti-Als3p Antibodies Are Surrogate Markers of NDV-3A Vaccine Efficacy Against Recurrent Vulvovaginal Candidiasis. Front.
Immunol. 2018, 9, 1349. [CrossRef]

Waldmann, T.A.; Strober, W. Metabolism of Immunoglobulins. Prog. Allergy 1969, 13, 1-110. [CrossRef]

Seijsing, J.; Yu, S.; Frejd, EY.; Hoiden-Guthenberg, I.; Graslund, T. In Vivo Depletion of Serum IgG by an Affibody Molecule
Binding the Neonatal Fc Receptor. Sci. Rep. 2018, 8, 5141. [CrossRef] [PubMed]

Luo, G.; Ibrahim, A.S.; French, S.W.; Edwards, ].E.; Fu, Y. Active and Passive Immunization with RHyr1p-N Protects Mice against
Hematogenously Disseminated Candidiasis. PLoS ONE 2011, 6, €25909. [CrossRef] [PubMed]

Singh, S.; Nabeela, S.; Barbarino, A.; Ibrahim, A.S.; Uppuluri, P. Antibodies Targeting Candida albicans Als3 and Hyr1 Antigens
Protect Neonatal Mice from Candidiasis. Front. Immunol. 2022, 13, 925821. [CrossRef] [PubMed]

Mansour, S.C.; Pletzer, D.; de la Fuente-Nufiez, C.; Kim, P; Cheung, G.Y.C.; Joo, H.S.; Otto, M.; Hancock, R.E.W. Bacterial Abscess
Formation Is Controlled by the Stringent Stress Response and Can Be Targeted Therapeutically. EBioMedicine 2016, 12, 219-226.
[CrossRef]

Heilmann, C.J.; Sorgo, A.G.; Siliakus, A.R.; Dekker, H.L.; Brul, S.; Koster, C.G.; de Koning, L.J.; Klis, EM. Hyphal Induction in
the Human Fungal Pathogen Candida albicans Reveals a Characteristic Wall Protein Profile. Microbiology 2011, 157, 2297-2307.
[CrossRef]


http://doi.org/10.1128/EC.00279-10
http://www.ncbi.nlm.nih.gov/pubmed/21115738
http://doi.org/10.1128/IAI.00013-13
http://www.ncbi.nlm.nih.gov/pubmed/23630968
http://doi.org/10.1128/IAI.74.5.3039-3041.2006
http://doi.org/10.1128/IAI.73.9.6191-6193.2005
http://www.ncbi.nlm.nih.gov/pubmed/16113347
http://doi.org/10.1016/j.vaccine.2012.10.038
http://www.ncbi.nlm.nih.gov/pubmed/23099329
http://doi.org/10.1086/504691
http://doi.org/10.1093/cid/ciy185
http://doi.org/10.1371/journal.ppat.1007460
http://doi.org/10.1128/IAI.00700-08
http://doi.org/10.3389/fimmu.2020.00076
http://doi.org/10.1371/journal.ppat.1007056
http://doi.org/10.1101/2022.02.09.479577
http://doi.org/10.1038/nprot.2015.053
http://www.ncbi.nlm.nih.gov/pubmed/25950237
http://doi.org/10.1038/nmeth.3213
http://www.ncbi.nlm.nih.gov/pubmed/25549265
http://doi.org/10.1002/prot.24065
http://www.ncbi.nlm.nih.gov/pubmed/22411565
http://doi.org/10.1016/0022-2836(81)90087-5
http://doi.org/10.1002/jcc.20084
http://doi.org/10.1093/nar/gki524
http://doi.org/10.3389/fimmu.2018.01349
http://doi.org/10.1159/000385919
http://doi.org/10.1038/s41598-018-23481-5
http://www.ncbi.nlm.nih.gov/pubmed/29572538
http://doi.org/10.1371/journal.pone.0025909
http://www.ncbi.nlm.nih.gov/pubmed/22028796
http://doi.org/10.3389/fimmu.2022.925821
http://www.ncbi.nlm.nih.gov/pubmed/35935947
http://doi.org/10.1016/j.ebiom.2016.09.015
http://doi.org/10.1099/mic.0.049395-0

J. Fungi 2023, 9,103 16 of 16

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Muiioz, ].E; Gade, L.; Chow, N.A.; Loparev, V.N,; Juieng, P; Berkow, E.L.; Farrer, R.A.; Litvintseva, A.P; Cuomo, C.A. Genomic
Insights into Multidrug-Resistance, Mating and Virulence in Candida auris and Related Emerging Species. Nat. Commun. 2018, 9, 5346.
[CrossRef]

Yona, S.; Kim, K.W.; Wolf, Y.; Mildner, A.; Varol, D.; Breker, M.; Strauss-Ayali, D.; Viukov, S.; Guilliams, M.; Misharin, A.; et al.
Fate Mapping Reveals Origins and Dynamics of Monocytes and Tissue Macrophages under Homeostasis. Immunity 2013, 38,
79-91. [CrossRef]

Rudkin, EM.; Raziunaite, I.; Workman, H.; Essono, S.; Belmonte, R.; MacCallum, D.M.; Johnson, E.M.; Silva, L.M.; Palma, A.S.;
Feizi, T.; et al. Single Human B Cell-Derived Monoclonal Anti-Candida Antibodies Enhance Phagocytosis and Protect against
Disseminated Candidiasis. Nat. Commun. 2018, 9, 5288. [CrossRef]

di Mambro, T.; Vanzolini, T.; Bruscolini, P.; Perez-Gaviro, S.; Marra, E.; Roscilli, G.; Bianchi, M.; Fraternale, A.; Schiavano, G.F,;
Canonico, B.; et al. A New Humanized Antibody Is Effective against Pathogenic Fungi In Vitro. Sci. Rep. 2021, 11, 19500.
[CrossRef]

Rosario-colon, J.; Eberle, K.; Adams, A.; Courville, E.; Xin, H. Candida Cell-Surface-Specific Monoclonal Antibodies Protect Mice
against Candida auris Invasive Infection. Int. J. Mol. Sci. 2021, 22, 6162. [CrossRef]

Lin, L.; Ibrahim, A.S.; Xu, X.; Farber, ] M.; Avanesian, V.; Baquir, B.; Fu, Y.; French, SW.; Edwards, J.E.; Spellberg, B. Th1-Th17
Cells Mediate Protective Adaptive Immunity against Staphylococcus aureus and Candida albicans Infection in Mice. PLoS Pathog.
2009, 5, €1000703. [CrossRef] [PubMed]

Torosantucci, A.; Chiani, P.; Bromuro, C.; De Bernardis, F.; Palma, A.S; Liu, Y.; Mignogna, G.; Maras, B.; Colone, M.; Stringaro, A;
et al. Protection by Anti-b-Glucan Antibodies Is Associated with Restricted b-1,3 Glucan Binding Specificity and Inhibition of
Fungal Growth and Adherence. PLoS ONE 2009, 4, e5392. [CrossRef] [PubMed]

Han, Y. Efficacy of Combination Immunotherapy of IgM MAb B6.1 and Amphotericin B against Disseminated Candidiasis. Int.
Immunopharmacol. 2010, 10, 1526-1531. [CrossRef]

Vilanova, M.; Teixeira, L.; Caramalho, I.; Torrado, E.; Marques, A.; Madureira, P; Ribeiro, A ; Ferreira, P.; Gama, M.; Demengeot, J.
Protection against systemic candidiasis in mice immunized with secreted aspartic proteinase 2. Immunology 2004, 111, 334-342.
[CrossRef] [PubMed]

Hodgetts, S.; Nooney, L.; Al-Akeel, R.; Curry, A.; Awad, S.; Matthews, R.; Burnie, J. Efungumab and Caspofungin: Pre-Clinical
Data Supporting Synergy. J. Antimicrob. Chemother. 2008, 61, 1132-1139. [CrossRef]

Dromer, F.; Charreire, J.; Contrepois, A.; Carbon, C.; Yeni, P. Protection of Mice against Experimental Cryptococcosis by
Anti-Cryptococcus neoformans Monoclonal Antibody. Infect. Immun. 1987, 55, 749-752. [CrossRef]

Larsen, R.A.; Pappas, P.G.; Perfect, ].; Aberg, ].A.; Casadevall, A.; Cloud, G.A.; James, R;; Filler, S.; Dismukes, W.E. Phase I
Evaluation of the Safety and Pharmacokinetics of Murine-Derived Anticryptococcal Antibody 18B7 in Subjects with Treated
Cryptococcal Meningitis. Antimicrob. Agents Chemother. 2005, 49, 952-958. [CrossRef]

Nascimento, R.C.; Espindola, N.M.; Castro, R.A.; Teixeira, P.A.C.; Penha, C.V.L.; Lopes-Bezerra, L.M.; Almeida, S.R. Passive
Immunization with Monoclonal Antibody against a 70-KDa Putative Adhesin of Sporothrix schenckii Induces Protection in
Murine Sporotrichosis. Eur. J. Immunol. 2008, 38, 3080-3089. [CrossRef]

de Mattos Grosso, D.; de Almeida, S.R.; Mariano, M.; Lopes, ].D. Characterization of Gp70 and Anti-Gp70 Monoclonal Antibodies
in Paracoccidioides brasiliensis Pathogenesis. Infect. Immun. 2003, 71, 6534-6542. [CrossRef]

Nosanchuk, J.D.; Steenbergen, J.N.; Shi, L.; Deepe, G.S.; Casadevall, A. Antibodies to a Cell Surface Histone-like Protein Protect
against Histoplasma capsulatum. J. Clin. Investig. 2003, 112, 1164-1175. [CrossRef]

Yadav, R.K,; Shukla, PK. A Novel Monoclonal Antibody against Enolase Antigen of Aspergillus fumigatus Protects Experimental
Aspergillosis in Mice. FEMS Microbiol. Lett. 2019, 366, fnz015. [CrossRef]

Gebremariam, T.; Alkhazraji, S.; Soliman, S.5.M.; Gu, Y.; Jeon, HH.; Zhang, L.; French, S.W.; Stevens, D.A.; Edwards, J.E.,
Jr.; Filler, S.G.; et al. Anti-CotH3 antibodies protect mice from mucormycosis by prevention of invasion and augmenting
opsonophagocytosis. Sci. Adv. 2019, 5, eaaw1327. [CrossRef]

Keizer, R.J.; Huitema, A.D.R.; Schellens, ].H.M.; Beijnen, ].H. Clinical Pharmacokinetics of Therapeutic Monoclonal Antibodies.
Clin. Pharmacokinet. 2010, 49, 493-507. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/s41467-018-07779-6
http://doi.org/10.1016/j.immuni.2012.12.001
http://doi.org/10.1038/s41467-018-07738-1
http://doi.org/10.1038/s41598-021-98659-5
http://doi.org/10.3390/ijms22116162
http://doi.org/10.1371/journal.ppat.1000703
http://www.ncbi.nlm.nih.gov/pubmed/20041174
http://doi.org/10.1371/journal.pone.0005392
http://www.ncbi.nlm.nih.gov/pubmed/19399183
http://doi.org/10.1016/j.intimp.2010.08.027
http://doi.org/10.1111/j.1365-2567.2004.01819.x
http://www.ncbi.nlm.nih.gov/pubmed/15009435
http://doi.org/10.1093/jac/dkn075
http://doi.org/10.1128/iai.55.3.749-752.1987
http://doi.org/10.1128/AAC.49.3.952-958.2005
http://doi.org/10.1002/eji.200838513
http://doi.org/10.1128/IAI.71.11.6534-6542.2003
http://doi.org/10.1172/JCI19361
http://doi.org/10.1093/femsle/fnz015
http://doi.org/10.1126/sciadv.aaw1327
http://doi.org/10.2165/11531280-000000000-00000

	Introduction 
	Materials and Methods 
	Candida Culture and Strains 
	In Silico Analysis 
	Monoclonal Antibody Generation 
	Binding Affinity Determination by Microscale Thermophoresis (MST) 
	Flow Cytometry 
	Biofilm Formation Assay 
	Opsonophagocytic Killing (OPK) Assay 
	Mice Infection and Treatment 
	Statistical Analysis 

	Results 
	C. auris Has Orthologs of Cal-Hyr1p 
	Anti-Cal-Hyr1p#5 Monoclonal Antibody Development 
	HX01 MAb Inhibits C. auris Biofilm Formation In Vitro and Augments Macrophage Opsonophagocytic Killing (OPK) of C. auris 
	HX01 MAb Protects Mice from Hematogenously Disseminated Candidiasis Due to C. auris Infection 
	HX01 Does Not Protect Mice from Hematogenously Disseminated Candidiasis Due to C. albicans Infection 

	Discussion 
	Conclusions 
	References

