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ABSTRACT Candida albicans is a commensal organism that causes life-threatening
or life-altering opportunistic infections. Treatment of Candida infections is limited by
the paucity of antifungal drug classes. Naturally occurring antimicrobial peptides are
promising agents for drug development. CCL28 is a CC chemokine that is abundant
in saliva and has in vitro antimicrobial activity. In this study, we examine the in vivo
Candida killing capacity of CCL28 in oropharyngeal candidiasis as well as the spec-
trum and mechanism of anti-Candida activity. In the mouse model of oropharyngeal
candidiasis, application of wild-type CCL28 reduces oral fungal burden in severely
immunodeficient mice without causing excessive inflammation or altering tissue
neutrophil recruitment. CCL28 is effective against multiple clinical strains of C. albi-
cans. Polyamine protein transporters are not required for CCL28 anti-Candida activ-
ity. Both structured and unstructured CCL28 proteins show rapid and sustained fun-
gicidal activity that is superior to that of clinical antifungal agents. Application of
wild-type CCL28 to C. albicans results in membrane disruption as measured by sol-
ute movement, enzyme leakage, and induction of negative Gaussian curvature on
model membranes. Membrane disruption is reduced in CCL28 lacking the functional
C-terminal tail. Our results strongly suggest that CCL28 can exert antifungal activity
in part via membrane permeation and has potential for development as an anti-
Candida therapeutic agent without inflammatory side effects.

KEYWORDS antifungal, antimicrobial peptide, Candida, chemokine, oropharyngeal
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andidiasis is a serious problem in the care of medically complex patients. Oropha-

ryngeal candidiasis (OPC) afflicts an estimated 10 million people worldwide each
year (1). While OPC and other forms of mucosal candidiasis are distinct clinical entities
from the high-mortality disseminated disease, mucosal colonization or infection is also
a marker of risk for disseminated candidiasis (2-4). Bloodstream infection with Candida
is the fourth most common nosocomial infection, is rising in incidence in adult
intensive care units, and has a 30% to 50% mortality rate (1, 5-7). Control of coloni-
zation and invasion in vulnerable patients is necessary to prevent the morbidity and
mortality from this pathogen.

Intact immune systems function to exquisitely control colonizing Candida and
prevent candidiasis (8). With immunodeficiency or barrier dysfunction, antifungal drugs
are used to prevent or treat candidiasis. Unfortunately, very limited drug options are
approved for use in humans, and all are restricted by cost, drug-drug interactions, and
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adverse effects (1, 9). Information on protective immune responses to Candida informs
efforts to develop new treatment modalities.

Two incompletely understood molecular components of the immune response to
OPC are chemokines and antimicrobial peptides (AMPs). Classic chemokine function is
to drive cell migration through gradient formation. AMPs are small peptides with direct
antimicrobial properties, including $100 alarmins, B-defensins (BDs), and histatins (Hsts)
in the oral cavity. Initially, AMPs and chemokines were ascribed different functions, but
studies have shown considerable overlap (10). CCL28 is a CC chemokine with chemot-
actic activity for leukocytes, in vitro AMP activity, and mucosal localization and is a
candidate for development as an anti-Candida therapeutic.

CCL28 (also known as mucosa-associated epithelial chemokine [MEC]) is a compo-
nent of the mucosal immune system. It is highly expressed in salivary glands (parotid,
submandibular, and sublingual) and modestly expressed in trachea, colon, rectum,
mammary gland, and whole tongue (11-14). It has chemotactic activity for lymphocyte
subsets (including IgA-secreting plasma cells, T helper 2 [Th2] cells, and T regulatory
[Treg] cells) through CCR10 and for eosinophils through CCR3 (12, 15, 16). CCL28 has
also been shown to have potent antimicrobial activity against several pathogens in
vitro, including fungi (Candida albicans), Gram-positive bacteria (Staphylococcus aureus,
Streptococcus mutans, and Streptococcus pyogenes), Gram-negative bacteria (Pseudomo-
nas aeruginosa, Klebsiella pneumonia, Escherichia coli, and Salmonella species), oral
anaerobes (Porphyromonas gingivalis and Actinobacillus actinomycetemcomitans), and
parasites (Leishmania mexicana) (14, 17-21). We recently confirmed the anti-Candida
activity of CCL28, which requires the highly charged C-terminal tail but not intact
tertiary structure (22). In contrast, tertiary structure is required for receptor-mediated
chemotaxis, supporting a distinct attribution of structural motifs to different CCL28
functions (22, 23). When measured, low levels of CCL28 have been reported in humans
and mice susceptible to OPC (11, 24). CCL28 is absent in the saliva of patients with
primary Sjogren’s syndrome, a condition associated with 74% to 87% prevalence of oral
candidiasis (24-26). In mice, decreased oral Ccl28 expression is reported in OPC-
susceptible interleukin 17A (IL-17A)-deficient animals (11). However, very little is known
about the functional activity of CCL28 in the oral cavity.

The aims of this study were to examine the efficacy of CCL28 against candidiasis in
vivo, explore the spectrum of anti-Candida activity, and elucidate the antimicrobial
mechanism. We describe in vivo activity of CCL28 against oropharyngeal candidiasis
and broad coverage against C. albicans strains. CCL28 has extremely rapid activity that
disrupts Candida membranes. This study provides new information on the activity of
CCL28 in infection models and mechanisms that can be exploited for future drug
development.

RESULTS

Assessment of in vitro potency of wild type CCL28. We previously reported on
the relationship between anti-Candida properties and structural features of CCL28 (22).
The protein used for that study was the UniProt-reviewed 108-amino-acid sequence
beginning with Ser-Glu-Ala (SEA) (UniProt identifier [ID] Q9NRJ3) (27). A protein lacking
the first 3 amino acids (A3-CCL28, UniProt ID AON0Q3) is predicted to be wild-type
CCL28 by several modeling programs (SignalP-5.0, Phobius) and marketed by several
commercial vendors (see Fig. STA in the supplemental material). We first compared the
anti-Candida activity of SEA-CCL28 against A3-CCL28 in vitro and found identical dose
response curves (Fig. S1B). Similar to that in our previous results, A3-CCL28 lacking the
C-terminal tail (A3-CCL28-A80) had reduced anti-Candida potency but slightly more
activity than the related chemokine, CCL27 (Fig. S1C). Unfolded A3-CCL28 (uA3-CCL28)
is indistinguishable from unfolded SEA-CCL28 (uSEA-CCL28) (Fig. S1D). Based on these
results and the predictions for wild-type CCL28, the remainder of the studies were
performed using variants of A3-CCL28.

Evaluation of CCL28 treatment in candidiasis. Although the potency of CCL28
against C. albicans in vitro has been well documented, CCL28 had not previously been
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FIG 1 Wild-type CCL28 treatment reduces fungal burden in oropharyngeal candidiasis in highly immu-
nosuppressed mice without excess inflammation. (A and B) High-dose-steroid-treated mice were inoc-
ulated orally with C. albicans strain CAF2-1 on day 0, followed by once daily topical treatment with
variants of human CCL28 in a bioadhesive gel. Tongue fungal burden was measured on day 4 (A) and
weight change was recorded daily (B). Means and standard errors of the means (SEMs) are shown. Data
are pooled from 5 experiments. In panel B, final weights were significantly different between A3-CCL28
and A3-CCL28-A80 treatments. (C) Representative tongues from OPC-infected mice treated with no
protein, A3-CCL28, or A3-CCL28-A80 were examined by periodic acid-Schiff (PAS) staining or immuno-
histochemistry (IHC) for neutrophils. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

assessed in an animal model of infection (14, 22). The mouse model for OPC faithfully
represents human infection and is amenable to topical therapy. OPC was induced in
severely immunosuppressed, steroid-treated wild-type mice by using established pro-
cedures (28, 29). Delivery of recombinant protein to the oral cavity required a delivery
system that did not interfere with Candida killing properties. Hydroxypropyl methyl-
cellulose K100 Premium LV bioadhesive gel was selected based on FDA approval for
oral consumption and literature on use for oral drug delivery (30-32). Starting 1 day
after inoculation with C. albicans, the mouse oral cavity was treated with variants of
CCL28 or no protein controls in the gel for 60 min daily for 3 days. Variants with known
potency based on in vitro results were tested: A3-CCL28 and uA3-CCL28 with high
potency and A3-CCL28-A80 with low potency (Fig. S1B, C, and D) (22). Mice treated with
A3-CCL28 had a statistically significant decrease in tongue fungal burden on day 4 (0.5
log) (Fig. 1A). As expected, treatment with the lower potency variant A3-CCL28-A80 did
not reduce the tongue fungal burden. Unexpectedly, treatment with high-potency
uA3-CCL28 also did not result in reduced fungal burdens. Reduced heparin binding
resulting in decreased tissue exposure may contribute to the poor efficacy of uA3-
CCL28 (see Fig. S2). A3-CCL28 did not increase oral pain and inflammation as measured
by weight loss. A3-CCL28-treated mice actually had less weight loss than no-protein-
treated mice on day 4 after inoculation, which was more pronounced in male than in
female mice (Fig. 1B and Fig. S3). Since CCL28 also has chemotactic properties, the
tissue infiltration of Candida-fighting neutrophils in fungal plaques was assessed by
immunohistochemistry. There was no qualitative difference in neutrophil influx in mice
treated with A3-CCL28 compared to no protein or A3-CCL28-A80 treatments (Fig. 1C).

Mice with selective defects in the IL-17 pathway (such as /123p79~/~ and ll17ra~/~
mice) are susceptible to OPC (33). These mice are more moderately immunosuppressed
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FIG 2 Anti-Candida activity of CCL28 is preserved across a range of clinical C. albicans strains but not
dependent on protein transport. (A) Strains of C. albicans isolated from patients with oropharyngeal
candidiasis at a final concentration of 2.5 X 10* CFU/ml were incubated with A3-CCL28 at a range of
concentrations for 2 h. Viability was compared to C. albicans treated with buffer without protein. (B) A
strain of C. albicans lacking two polyamine protein transporters (Adur3 Adur31) or the parental strain
(CAF4-2) was incubated with A3-CCL28 or A3-CCL28-A80 at range of concentrations for 2 h. Viability was
compared to that of C. albicans treated with buffer. Means and standard deviations (SDs) are shown.

and are models for the human disease chronic mucocutaneous candidiasis (34). Treat-
ment with folded or unfolded CCL28 did not result in decreased oral fungal burdens
when OPC was induced in mice with defects in the IL-17 pathway (see Fig. S4). Thus,
A3-CCL28 treats OPC without detrimental signs of inflammation in highly immunosup-
pressed mice but not in moderately immunosuppressed mice.

Characterization of anti-Candida spectrum. Our work in vitro and in vivo with
CCL28 and its variants generally uses a laboratory strain of C. albicans (CAF2-1). To
explore the range of activity, we tested the potency of A3-CCL28 against 5 clinical
strains of C. albicans. In 4 of 5 strains, A3-CCL28 caused complete or near complete loss
of fungal viability at 0.5 uM (50% inhibitory concentration [IC,,], 0.021 to 0.186 uM)
(Fig. 2A). One strain (strain 216) maintained viability after a 2-h incubation with
A3-CCL28 (IC5,, 1.269 uM) (Fig. 2A). Given this surprising result, we confirmed the
species identification of strain 216 as C. albicans by matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry (data not shown) (35). There-
fore, A3-CCL28 has variable killing potency against different Candida strains.

Laboratory strains of C. albicans can also be used to probe antimicrobial mecha-
nisms. Strains of C. albicans lacking polyamine protein transporters are reported to be
relatively resistant to killing by the antifungal peptide histatin 5 (Hst-5) (36). Since the
CCL28 C-terminal tail has high homology with Hst-5, we investigated the role of
polyamine protein transporters in CCL28 activity (14). Surprisingly, absence of two
transporters (dur3 and dur31) did not affect A3-CCL28 anti-Candida potency (Fig. 2B).
This result suggests that CCL28 either uses other protein transporters or does not
require any active transport for antimicrobial activity.

Kinetics of CCL28 anti-Candida activity. To indirectly assess the requirement for
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active transmembrane transport of CCL28, we assessed the kinetics of the killing
activity. A3-CCL28 killed C. albicans rapidly, with activity seen as soon as 1T min and 90%
loss of viability by 10 min (Fig. 3A). The unfolded protein had even faster activity, with
84% killing by 1 min and complete killing by 4 min (Fig. 3A). In contrast, the clinical
antifungal amphotericin B at 4 mg/ml did not affect C. albicans viability at 60 min but
required 120 min to achieve 80% killing (Fig. 3A and data not shown). We next
measured whether CCL28 killing saturates with increasing concentrations of C. albicans.
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FIG 3 CCL28 treatment results in rapid candidacidal activity and does not saturate with high Candida
concentrations. (A) The time course of yeast killing was examined by mixing A3-CCL28 or uA3-CCL28 at
a final concentration of 1 uM with C. albicans strain CAF2-1 at 2.5 X 10* CFU/ml. Viability was compared
to that with no protein buffer or amphotericin B at 4 mg/ml at the same time points. (B) C. albicans strain
CAF2-1 at a range of concentrations was incubated with A3-CCL28 0.5 uM, and viability was determined
after 2 h. Means and SDs are shown.

In the range of 2.5 X 10% CFU/ml (the concentration used for killing assays) and 1 X 107
CFU/ml, no real decline in potency was observed (Fig. 3B). Thus, CCL28 rapidly kills C.
albicans without signs of consumption in yeast cultures at densities ranging up to 7
orders of magnitude.

Membrane disruption by CCL28. To further investigate the role of protein trans-
porters or other active Candida cellular processes in CCL28 antimicrobial activity, we
examined membrane disruption in paraformaldehyde (PFA)-killed yeast. C. albicans
yeast was rendered nonviable by a 30-min treatment with PFA. Yeast were then treated
with low-salt potassium phosphate buffer (PPB), A3-CCL28, or A3-CCL28-A80 for 10 min.
Propidium iodide (PI) uptake was measured in treated cells by flow cytometry to assess
membrane disruption. PFA-killed yeasts treated with PPB had rare uptake of Pl, while
CCL28 treatment resulted in high levels of Pl uptake (Fig. 4A). A higher percentage of
A3-CCL28-treated cells than A3-CCL28-A80-treated cells were PI* under the same
conditions (Fig. 4B). Treatment of live C. albicans yeast with PPB, PFA, or A3-CCL28
revealed similar patterns, with minimal membrane disruption by PFA but close to 100%
PI* cells with 10 min of A3-CCL28 treatment (Fig. 4C). Since A3-CCL28 and A3-CCL28-
A80 have markedly different killing potencies, dose response curves for the two variants
were determined using membrane disruption assays (Fig. 4D and E). Treatment with
either variant resulted in membrane disruption in almost all cells at high concentra-
tions, but A3-CCL28 caused disrupted membranes in more cells than A3-CCL28-A80 at
moderate concentrations. The 50% effective concentration (ECs,) for A3-CCL28 ranged
from 0.07 to 0.071 uM, while the EC,, for A3-CCL28-A80 was 0.158 to 0.0223 uM (data
not shown). Membrane disruption for the dose response curves was measured by both
Pl uptake (Fig. 4D) and intracellular enzyme leakage (adenylate kinase) (Fig. 4E), with
similar patterns. Thus, A3-CCL28 treatment causes rapid membrane disruption in
Candida without a requirement for active cellular processes.

Induction of negative Gaussian curvature in membranes by CCL28. To charac-
terize the peptide-membrane interaction mediated by CCL28, we used small-angle
X-ray scattering (SAXS) to test the membrane remodeling capacity of CCL28 on small
unilamellar vesicles (SUVs). Specifically, we used SAXS to assess whether negative
Gaussian curvature (NGC), the type of curvature topologically required for membrane
permeation mechanisms such as pore formation, blebbing, and budding, can be
induced in a target membrane. This method has been used extensively to characterize
the interaction of curvature-inducing peptides and proteins with prokaryotic and
eukaryotic membranes (37-42). To assess the ability of CCL28 to remodel yeast and
mammalian membranes, we tested whether CCL28 has the capacity to induce negative
Gaussian curvature necessary for membrane permeation and, if so, what amount of
NGC is produced by the interaction of A3-CCL28 with SUVs of two different membrane
compositions: one mimicking Candida membranes and another modeling mammalian
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FIG 4 CCL28 disrupts Candida membranes independent of active cell metabolism in a dose-dependent
manner. (A and B) C. albicans at a final concentration of 2.5 X 106 CFU/ml was chemically killed with
paraformaldehyde for 30 min, followed by treatment with potassium phosphate buffer (PPB) or the
indicated CCL28 variant at 0.25 uM for 10 min. Membrane disruption was measured by propidium iodide
(PI) uptake and quantified with flow cytometry. (A) Representative histograms of mean fluorescence
intensity for PI. (B) Aggregate data representing two experiments. (C) Live C. albicans was treated with
PPB, paraformaldehyde, or 0.25 uM A3-CCL28 for 10 min. The percentage of Candida with uptake of Pl
was measured by flow cytometry. (D) Dose response curves for Pl uptake measured by flow cytometry
were determined for C. albicans treated with A3-CCL28 or A3-CCL28-A80. (E) Dose response curves for
adenylate kinase leakage measured by luminescence were determined for C. albicans treated with
A3-CCL28 or A3-CCL28-A80. Means and SDs are shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

cells. The Candida membranes were modeled with a lipid composition of 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine/1,2-dioleoyl-sn-glycero-3-phosphoethanolamine at a molar ra-
tio of 20/80 (DOPS/DOPE 20/80). To model mammalian membranes, we incorporated
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) to obtain a lipid molar ratio of DOPS/
DOPE/DOPC 20/40/40. The SUV suspensions were incubated with A3-CCL28 at protein-
to-lipid (P/L) molar ratios 1/80, 1/160, and 1/320 (i.e., P/L charge ratios of 1/1, 1/2, and
1/4, respectively).

A3-CCL28 restructured Candida, but not mammalian, model membranes into NGC-
rich cubic phases. SAXS spectra for the Candida-like membranes incubated with
A3-CCL28 exhibited correlation peaks with Q-ratios of V6 1 V14 : V16 \/270 :\22 (for
P/L = 1/80), \5: V3: 4 (for P/L = 1/160), and V2:43 (for P/L = 1/320) corresponding
to la3d, Pn3m, and Pn3m cubic phases with 4.27 X 1072 nm~2, 1.53 X 1072nm~2, and
1.77 X 1072 nm~2 mean NGC per unit cell (|<K>|), respectively (Fig. 5A). This capacity
to remodel membranes was not observed for A3-CCL28 with mammalian-like mem-
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FIG 5 A3-CCL28 induces negative Gaussian curvature of Candida-like membranes, which is reduced with C-terminal truncation. (A) SAXS spectra
indicate that A3-CCL28 induces negative Gaussian curvature (NGC) in Candida-like model membranes (DOPS/DOPE 20/80) and consequently
generates cubic phases. The type of cubic phase thus generated and the cubic lattice parameters calculated from fits to the data are shown
in the inset. (To facilitate visualization, spectra have been manually offset in the vertical direction by scaling each trace by a multiplicative factor.)
(B) In contrast, SAXS spectra indicate that A3-CCL28 does not induce NGC in mammalian model membranes (DOPS/DOPE/DOPC 20/40/40), and
no cubic phases are observed. A3-CCL28-A80 interacts with Candida-like (C) and mammalian (D) model membranes. Cubic phases with different
lattice constants and therefore different quantitative amounts of NGC are induced for the DOPS/DOPE 20/80 Candida-like model membrane,
whereas no cubic is observed for the DOPS/DOPE/DOPC 20/40/40 mammalian model membrane. (E) A region of NGC (blue saddle-shaped
surface) is highlighted in a schematic transmembrane pore. (F) Table of the calculated mean NGC values induced by A3-CCL28 and
A3-CCL28-A80 on Candida-like membranes for each P/L molar ratio tested (within a 10% error): note that at the same molar ratio P/L of 1/80,
A3-CCL28 induces more than 2X the amount of NGC as A3-CCL28-A80, implying a greater degree of membrane deformation per molecule. (G)
o-scores predicted by a support vector machine (SVM) classifier projected on the 3D crystal structure of CCL28 (RCSB PDB 6CWS). The red parts
(higher o score) of the structure are “hot spots” for NGC generation and have greater propensity to induce NGC in membranes than the blue
parts of the structure (lower o score) (43). These hot spots can be seen in the a-helix and in the C-terminal tail.

branes, which instead exhibit form factors with weak multilamellar ordering at a 1/80
P/L molar ratio (Fig. 5B). In other words, A3-CCL28 can induce membrane curvatures
that contribute to membrane permeation in our model for Candida membranes but not
in our model for mammalian membranes.

To understand the contribution of the histidine-rich C-terminal tail of CCL28 to this
mechanism of membrane remodeling, we repeated the SUV-peptide interaction exper-
iments with A3-CCL28-A80 and the model membranes mentioned above, at P/L molar
ratios of 1/44, 1/88, and 1/175 (maintaining P/L charge ratios of 1/1, 1/2, and 1/4,
respectively). The results recapitulate the A3-CCL28 selectivity results. The truncated
CCL28 was able to induce NGC in model Candida-like membranes but not in
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mammalian-like membranes (Fig. 5C and D). The SAXS spectra for the Candida-like
membranes interacting with A3-CCL28-A80 show the presence of cubic phases with
peaks characterized by Q-ratios of V2 \/E: N/E V@: V12 (for P/L = 1/44) and V24
(for P/L = 1/88), which correspond to Pn3m and Im3m cubic phases with mean NGC
|<K>| values of 2.02 X 1072 nm~2 and 1.91 X 1072 nm~2, respectively. No cubic
phases, however, were observed at a P/L molar ratio of 1/175 (Fig. 5C). Interestingly,
although A3-CCL28-A80 was able to induce membrane remodeling, it required a larger
number of peptide molecules to induce the same quantitative level of NGC deforma-
tion as A3-CCL28, which can be seen in the table (Fig. 5F). At a P/L molar ratio of ~1/160,
A3-CCL28-A80 was not able to induce NGC, while A3-CCL28 induced a mean NGC |<K>|
of 1.53 X 1072 nm~2. Furthermore, at a P/L molar ratio of ~1/80, A3-CCL28 induced more
than 2X the quantitative amount of mean NGC per volume than A3-CCL28-A80, with
|<K>| values of 4.27 X 1072nm~2 and 1.91 X 1072 nm~2, respectively. That the re-
duction of membrane remodeling capacity correlates with the absence of the histidine-
rich tail in A3-CCL28-A80 is striking and suggests that the tail contributes to membrane
permeation. The contribution of the C-terminal tail to membrane permeabilization is
consistent with machine learning predictions. Using a previously validated support
vector machine (SVM) classifier trained on a-helical AMP sequences (43), we screened
the CCL28 sequence, implementing a variable moving window to produce a composite
o-score assigned to each amino acid (Fig. 5G). We have previously shown that this
o-score output by the SVM classifier correlates with the peptide’s ability to generate
NGC (43, 44). From this in silico screening, we observed that the highest scoring parts
of CCL28 are localized at two places, the histidine-rich C-terminal tail and the a-helix
common to the chemokine fold. Therefore, the loss of the C-terminal tail is expected to
correlate with a partial loss of NGC-inducing function against membranes. Unlike
classical AMPs, the existence of two distinct and separated membrane curvature-
generating elements in CCL28 may potentiate activity not found in AMPs.

DISCUSSION

AMPs with direct anti-Candida activity are a component of the oral mucosal immune
system (45, 46). Mimicking the natural immune responses has the potential to open up
new classes of antifungal agents (47). This approach requires detailed knowledge of the
activity and mechanism of the candidate molecule in order to preserve therapeutic
activity while minimizing pathological side effects. For example, IL-17 is a potent
mediator of anti-Candida immune responses, but oral application in mice results in
severe local tissue inflammation precluding its use as a therapy (33). In the present
study, we describe the activity of CCL28 against oral candidiasis and several strains of
Candida as well as the mechanism of action.

We demonstrate that wild-type CCL28 reduces fungal burdens in a model of OPC
(Fig. 1) (30, 48). Interestingly, efficacy was only seen in highly immunosuppressed
steroid-treated mice. More moderately immunosuppressed mice with genetic defects
in the IL-17 pathway had no change in oral fungal burden with CCL28 treatment (see
Fig. S4 in the supplemental material). This may be due to differences in oral cavity
conditions in mice with different immune defects. CCL28 activity is known to be highly
sensitive to salt and pH (14, 22). In addition, CCL28 is susceptible to degradation by
salivary proteolytic enzymes, which can have variable compositions. It is likely that
enhanced susceptibility to degradation contributed to the lack of efficacy of unfolded
CCL28 in the oral cavity. Exogenous CCL28 treatment may have higher efficacy in cases
of salivary CCL28 deficiency, such as Sjogren’s syndrome (24). CCL28 at concentrations
physiologically present in healthy human saliva (30 to 63 nM in whole saliva and 65 to
232 nM in parotid secretions) is active against C. albicans in vitro (14, 22). Recently
described mouse models of CCL28 deficiency will allow for future study of the role of
endogenous CCL28 in the oral cavity (49, 50).

The activity of CCL28 against Candida strains is not universal. CCL28 was highly
potent against several clinically derived strains of C. albicans (Fig. 2). Further study of
the strain resistant to CCL28 may reveal new insights into Candida biology or CCL28
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mechanisms. The mechanism of action of many clinically available antifungal agents,
including azoles and polyenes, involves the Candida membrane (51). These drugs
inhibit synthesis or bind to membrane sterols. The membrane-disrupting activity of
CCL28 may be additive or synergistic with membrane-active antifungal agents. Synergy
would be especially useful in treating drug-resistant species, such as Candida glabrata.
We noted that amphotericin B, a clinically approved polyene, acts very slowly to kill C.
albicans. An additional advantage to CCL28 in the treatment of candidiasis is the rapid
activity without saturation with high Candida loads (Fig. 3).

The intriguing AMP activity of CCL28 was first investigated due to the homology of
the C terminus with Hst-5 (14, 52). Hst-5 is a well-described anti-Candida peptide that
requires an intact C-terminal domain and a-helical conformation for activity (52). Unlike
many AMPs that appear to kill through membrane disruption, the anti-Candida activity
of Hst-5 requires intracellular localization (53). In mice, promising work on Hst-5
engineered for prolonged stability showed a therapeutic effect in OPC (54). In the case
of CCL28, the importance of the C-terminal tail was confirmed by studies of C-terminal
truncation mutants of CCL28 against bacterial species and our own work with C.
albicans (22, 55). The mechanism of CCL28 anti-Candida activity was previously incom-
pletely explored, but early studies of full-length CCL28 pointed toward a mechanism
distinct from that of Hst-5 (14).

Our work reveals that the mechanism of antimicrobial activity of CCL28 is rapid
membrane disruption. Although the end effect of Hst-5 exposure is Candida cell death
and loss of membrane integrity, this is a relatively slow process, starting after 10 min
and requiring 90 min for complete killing (45). In contrast, >80% of C. albicans cells are
nonviable after less than 10 min of incubation with CCL28 (Fig. 4). The activity of Hst-5
requires active cell transport to an intracellular location (36, 53). CCL28 activity on the
cell membrane does not require the same polyamine transporters and in fact does not
seem to require any active cellular processes (Fig. 2 and 4). In addition to direct assays
of membrane permeation, we demonstrated with SAXS the capacity of CCL28 to induce
changes directly in Candida-like membranes that are necessary for pore formation and
other membrane permeation mechanisms. The induction of NGC also occurred without
the contribution of intracellular machinery. Finally, residual anti-Candida activity in the
C-terminal truncated mutant (SEA-CCL28-A80 or A3-CCL28-A80) and the SVM classifier
support that some of CCL28's anti-Candida activity resides in the protein core and not
just the charged C-terminal tail (Fig. S1) (22). This may explain the differences in
mechanism from that of Hst-5.

There is an intriguing association between mucosal localization of chemokines and
potent or broad antimicrobial activity (reviewed in reference 56). CCL28 presence or
absence at mucosal sites has been linked to alterations in homeostatic or disease
conditions associated with microbes. CCL28 is modestly expressed in the gut epithe-
lium, and its absence is reported to alter the fecal microbiome (12, 49). Levels of CCL28
in gingival crevicular fluid are elevated in periodontal disease (57). In addition to high
concentrations in saliva, CCL28 is expressed at multiple locations in the mouth,
including lingual epithelium (11, 50). Another example of an antimicrobial mucosal
chemokine is CXCL17. It is expressed in tongue, respiratory, and colonic mucosa and
has broad activity against bacteria and fungi commonly localized to these sites (58). A
key role for antimicrobial chemokines is implied by their localization at the site of first
defense from pathogens.

This study investigated immune cell-independent CCL28 activity. However, CCL28 is
known to be chemotactic for some types of lymphocytes and eosinophils, including
IgA-secreting plasma cells (12, 15, 16). Exogenous CCL28 treatment may increase the
number of oral mucosal plasma cells and result in changes in salivary IgA levels.
However, salivary IgA concentration does not necessarily correlate with protection from
oral candidiasis (59, 60). Receptor-mediated chemotactic activity requires intact tertiary
structure and likely requires the N terminus based on studies of other chemokines (23,
61, 62). Neutrophils are the key immune cell recruited in response to candidiasis, usually
through CXC chemokines (63). Tissue histology after CCL28 treatment did not show
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TABLE 1 Candida strains

C. albicans strain name Feature(s) Reference
CAF2-1 Laboratory strain 67

24 Clinical isolate, oral NAa

214 Clinical isolate, oral NA

216 Clinical isolate, oral NA

217 Clinical isolate, oral NA

218 Clinical isolate, oral NA
CAF4-2 Laboratory strain, parental strain 67

of the Adur3 Adur31 strain
Adur3 Adur31 DUR3 and DUR31 deficiency 36

aNA, not available.

major changes in neutrophil recruitment to fungal plaques (Fig. 1). However, reports of
possible CCL28-relevant receptors on neutrophils suggests the possibility of an addi-
tional mechanism of neutrophil recruitment (64, 65).

Overall, our findings indicate a role for CCL28 in combatting Candida in the oral
cavity and its potential for augmenting or accelerating the activity of membrane-active
clinical antifungal agents.

MATERIALS AND METHODS

Protein preparation. All studies were performed with variants of human CCL28. SEA-CCL28 (Gen-
Script; UniProt ID Q9NRJ3 [29]), A3-CCL28 (UniProt ID AONOQ3), or truncation variants were cloned,
expressed, and purified as previously described (22, 66). High-performance liquid chromatography
(HPLC) and linear trap quadrupole (LTQ) mass spectrometry were used to verify protein identity and
purity. Unfolded protein was generated through reduction of disulfide bonds with 5 mM dithiothreitol
(DTT) in a buffer containing 100 mM NH,HCO, and 6 M urea at pH 7.8. To maintain the reduced bonds,
20 mM iodoacetamide was added to alkylate cysteine residues and incubated for 60 min in the dark at
room temperature followed by quenching with 5 mM DTT. The alkylated product was dialyzed with three
buffer changes in 100 mM NH,HCO,. The solubilized (by pH adjustment) alkylated product was purified
by HPLC. The identity of the alkylated product was confirmed by mass spectrometry. Heparin binding
capacity was assessed using a 1-ml HiTrap heparin HP column (GE Healthcare Life Sciences, Pittsburgh,
PA). Proteins were run with a gradient of 0% to 100% 1 M NaCl, and absorbance was measured on an
AKTA start chromatography system (GE Healthcare Life Sciences, Pittsburgh, PA).

Candida strains and growth. Candida strains used in this study are listed in Table 1 (36, 67).
Experiments were performed with strain CAF2-1 unless otherwise noted. Candida was grown on yeast
extract-peptone-dextrose (YPD; Difco, Fisher, Pittsburgh, PA) medium. Growth medium was supple-
mented with uridine (Millipore Sigma, MO, USA) at a final concentration of 50 ug/ml for growth of
uridine-deficient strains (CAF4-2 and Adur3 Adur31). Stocks were stored at —80°C and streaked on YPD
agar plates monthly for routine use. For experiments, Candida was cultured from a single colony in 10 ml
of YPD medium at 30°C with 250 rpm shaking for 16 to 20 h. Cell concentration was determined on a
NanoDrop 2000 spectrophotometer (Thermo Scientific, MA) with and optical density at 600 nm (ODgq,)
of 1.2 to 1.3 corresponding to 2 X 107 CFU/ml. Cells were washed twice with phosphate-buffered saline
(PBS), pH 7.4, and resuspended at 2 X 107 CFU/ml in 1X PBS.

Mice. /123p19~/~ mice on a C57BL/6 background were provided by Genentech (South San Francisco,
CA). lI17ra=/~ mice on a C57BL/6 background were provided by Amgen (Seattle, WA). All other mice were
C57BL/6J mice originally from The Jackson Laboratory (Bar Harbor, ME). Colonies were bred and
maintained in-house in a specific-pathogen-free environment. Mice were 6 to 10 weeks old, with both
male and female mice included in experimental cohorts. Animal protocols were approved by the Medical
College of Wisconsin Institutional Animal Care and Use Committee (IACUC).

Mouse immunosuppression. Select mice were immunosuppressed with high-dose steroid treat-
ment to induce susceptibility to OPC. Kenalog (Henry Schein Medical, Melville, NY) was administered
subcutaneously at a dose of 20 ng/g mouse body weight every other day starting on day —1.

OPC mouse model. The mouse model of OPC was performed as previously described (28, 29). In
brief, mice were anesthetized with ketamine (Henry Schein Animal Health, Dublin, OH) and xylazine
(Henry Schein Animal Health, Dublin, OH), and oral cavities were swabbed to evaluate for preexisting
Candida colonization. Candida strain CAF2-1 at 2 X 107 CFU/ml was soaked into a 2.5-mg cotton ball and
placed sublingually for 75 min to inoculate mice. A PBS-soaked cotton ball was used for sham-inoculated
mice. Mice were weighed daily starting at day —1. Oral fungal burden was measured in whole-tongue
tissue on day 4. Tongues were weighed and homogenized in 1 ml of PBS using a Bullet Blender Storm
homogenizer (Midwest Scientific Inc, Valley Park, MO). The tissue suspensions were diluted to 1:20 and
1:200 with PBS, and 50 ul of each dilution was spread in triplicates on YPD plates supplemented with
50 pg/ml kanamycin and 100 wg/ml ampicillin. Plates were incubated at 30°C for 48 h followed by colony
counting.

CCL28 oral treatment. CCL28 protein variants were reconstituted to 400 uM in T mM potassium
phosphate buffer (PPB), aliquoted as 50-ul vials, and stored at —20°C. HPMC K100 premium LV gel
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(Colorcon Inc., WI, USA) was dissolved in PPB to make 4% gel, aliquoted into 4-ml vials, and stored at 4°C.
On the day of treatment, protein variant stocks or equal volumes of PPB were added to the gel to reach
a final concentration of 10 uM variant protein and mixed by inverting the tube 30 times. The protein-gel
mixtures were kept on ice until administration. Anesthetized mice were treated in the oral cavity with 50
wul of the protein-gel mixture daily starting on day +1 after Candida inoculation. Mouse were maintained
sedated and supine for 60 min during treatment.

Histologic analysis of mouse tongues. Tongues were collected on day 2 from the Candida-
inoculated mice treated with no protein, A3-CCL28, or A3-CCL28-A80. Tongues were fixed with 10%
formalin immediately and processed by the Children’s Research Institute (CRI) histology core. Adjacent
sections were stained with periodic acid-Schiff (PAS) to visualize fungal plaques and immunohistochem-
istry (IHC) for neutrophils (NIMP-R14; Abcam, Cambridge, MA). Images were recorded at the CRI Imaging
Core using a NanoZoomer digital slide scanner (Hamamatsu Photonics, Japan).

In vitro Candida killing assays. Candida strains were cultured as described above. The Candida
culture was washed twice with 1 mM PPB and then diluted to 5 X 10% CFU/ml on ice. CCL28 variants were
dissolved in PPB and serially diluted. For dose response curves, protein dilutions or PPB (100 ul) was
mixed with Candida suspensions (100 ul) in wells of 96-well round-bottom plates in triplicates. Plates
were incubated at room temperature and 80 rpm gentle shaking for 2 h. After incubation, 50 ul of the
mixture and/or 1:5 dilutions were spread on YPD or YPD plus uridine (for uridine-deficient strains) plates
and incubated at 30°C for 48 h. Colony counts were compared to those for no protein treatment controls
to determine percentage viability.

For the time course assays, Candida at 5 X 10* CFU/ml (100 ul) was mixed with CCL28 variants at
2 uM (100 pl) in triplicates and then incubated for 1, 2, 4, 8, 10, 30, and 60 min at room temperature with
gentle shaking. Amphotericin B (Thermo Fisher Scientific, Grand Island, NY) at 4 mg/ml was evaluated at
the same time points as a control. For saturation assays, Candida suspensions of 2 X 107, 5 X 106, 5 X 10°,
and 5 X 10* CFU/ml (30 ul) were incubated with equal volumes of CCL28 variants at 1 uM in triplicates
at room temperature for 2 h with gentle shaking. Plating and colony count enumeration were performed
as described above.

Membrane disruption assays. Candida was cultured and washed as described above. Chemical
killing was achieved by incubating Candida suspensions at 5 X 106 CFU/ml with equal volumes of a
solution of 2% paraformaldehyde, 0.5% bovine serum albumin (BSA), and 2 mM EDTA in PBS at room
temperature for 30 min. Cell death was confirmed by incubation on YPD plates for 48 h and colony
enumeration. Chemically killed cells or live cells were washed twice and resuspended in PPB. Suspensions
of killed or live Candida (100 pl) were incubated with equal volumes of PPB, paraformaldehyde solution,
or the indicated CCL28 variant (0.25 uM unless otherwise specified) in triplicates for 10 min in 96-well
plates. Cells were washed and resuspended with 1X PBS and then stained with propidium iodide (PI;
Thermo Fisher Scientific, Grand Island, NY) at 1 mg/ml at room temperature in the dark for 10 min.
Stained cells were washed with 1X PBS and resuspended in 200 ul of the paraformaldehyde solution.
Cellular PI uptake was measured by flow cytometry in the CRI flow cytometry core on a BD LSR Il (BD
Biosciences, San Jose, CA, USA) and analyzed with FlowJo (Tree Star, Inc., Ashland, OR).

Adenylate kinase leakage was measured with an adenylate kinase assay (AKA) kit (Abcam, MA, USA).
Candida cells at 2 X 107 CFU/ml in PPB (100 ul) and serial dilutions of indicated CCL28 variants (100 pl)
were incubated for 10 min in triplicates in 96-well plates. Plates were centrifuged at 2,500 rpm for 3 min,
and supernatant from each well (100 ul) was mixed with adenylate reagent (100 ul) in white 96-well
flat-bottom assay plates. Luminescence was measured immediately by a SpectraMax plate reader
(Molecular Devices, CA, USA).

Liposome preparation. The SUVs used for SAXS experiments were prepared as previously described
(39, 68). Lyophilized phospholipids 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) from
Avanti Polar Lipids were dissolved in chloroform to a concentration of 20 mg/ml as individual lipid stock
solutions. Each lipid composition used to construct each model membrane was prepared by mixing the
lipid stock solutions at the desired molar ratio. The produced lipid composition solutions were subse-
quently evaporated under nitrogen and desiccated overnight under vacuum. The resulting lipid film was
resuspended in aqueous 140 mM NaCl, 10 mM HEPES (pH 7.4) to a concentration of 20 mg/ml and
incubated overnight at 37°C. To form the SUVs, the lipid aqueous suspension was sonicated until clear
and then extruded through a 0.2-um-pore-size Anopore membrane filter (Whatman).

SAXS experiments with model membranes. SAXS experiments and data fitting were performed
based on previously described protocols (37, 68-70). Lyophilized proteins (A3-CCL28 and A3-CCL28-A80)
were solubilized in aqueous 140 mM NaCl, 10 mM HEPES (pH 7.4) and mixed with SUVs at P/L charge
ratios of 1/4, 1/2, and 1/1. Samples were sealed in quartz capillaries (Mark-tubes; Hilgenberg GmbH) for
SAXS measurements carried out at the Stanford Synchrotron Radiation Lightsource (SSRL; beamline 4-2)
with monochromatic X rays at an energy of 9 keV. A DECTRIS PILATUS3 X 1M detector (172-um pixel size)
was used to collect the scattered radiation and the 2D SAXS powder patterns were integrated using the
Nika 1.50 (71) package for Igor Pro 6.31 and FIT2D (72). Using Matlab software, the integrated scattering
intensity /(Q) was plotted against Q. Ratios of the measured peak positions (Qcasureq) Were compared
with those of permitted reflections for different crystal phases to identify the phase(s) present in each
sample. The lattice parameter, g, for each identified cubic phase is calculated using a linear regression
through points corresponding to the peaks. For a cubic phase, Q = (2wa)h*+k*+2 where h, k, and /
are Miller indices assigned to each peak. The slope of the linear fit (m = 27@/a) of Q. casureq VErsus
VH*+ K+ can be used to calculate a. The mean amount of Gaussian curvature, K, can be calculated
using the equation |<K>| = (2mx)/(A,a?), where the Euler characteristic, x, and the surface area per unit
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cell, A,, are constants specific to each cubic phase, and a is the lattice parameter. For la3d, y = —8 and
A, = 3.091; for Pn3m, x = —2 and A, = 1.919; for Im3m, x = —4 and A, = 2.345 (73).

Prediction of membrane active sequences in CCL28 using an SVM classifier. The CCL28 amino
acid sequence (UniProt ID Q9NRJ3) was screened for AMP-like domains using a previously validated
support vector machine (SVM) classifier trained to recognize membrane-permeating a-helical sequences
(43). In brief, the SVM classifier outputs a o-score for each input sequence, which corresponds to a
probability that the sequence will induce NGC on a membrane, which is necessary for membrane
permeation. A o-score of greater than 1 corresponds to positive probability P(+1) of >0.96. To assign a
o-score to each amino acid, we used a variable moving window along the full chemokine sequence and
then averaged the scores for all the sequences in which each amino acid appeared. The resulting
probability heat map was displayed onto the three-dimensional (3D) crystal structure of CCL28 (RCSB
PDB 6CWS) in which the intensity values correspond to the mean o-score, i.e., the probability that the
amino acid is involved in inducing membrane permeability.

Statistical analysis. Analyses were performed using GraphPad Prism 8 (La Jolla, CA) or SPSS software
version 24 (IBM Corp., Armonk, NY). Data were compared by Mann-Whitney or unpaired Student'’s t tests.
A quadratic model for the weight loss over time was computed for each treatment group and across
mouse sex. A mixed model was applied using time and intercept as random effects and mouse as clusters
with an AR(1) covariance structure. IC5, curves were created for viability (percent) versus protein
concentration. EC,, curves were created for Pl uptake (percent) or luminescence versus protein concen-
tration. Calculated P values of <0.05 were considered significant. All experiments were performed in
duplicates at a minimum.
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