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Activated Lactoferrin and Fluconazole
Synergism Against Candida albicans and
Candida glabrata Vaginal Isolates

A. Satyanarayan Naidu, Ph.D., R. Stuart Fowler, M.D., Carlos Martinez, B.S.,

Jules Chen, B.S., and Joseph Tulpinski, M.S.

OBJECTIVE: To evaluate the fungistatic activity of acti-
vated lactoferrin (ALF), fluconazole (FCN) individually
and in combination against
Candida vaginal isolates as
well as to measure the time to
recovery from the fungistatic
effects after exposure in vi-
tro to threshold minimal
inhibitory concentrations
(MIC).

STUDY DESIGN: Fungi-
stasis patterns for ALF (2.5
mg/mL) and FCN (0.25
mg/mL) were tested at threshold MIC against vaginal
isolates of C albicans (n=5) and C glabrata (1n=5)
grown in Sabouraud's dextrose broth against 10° yeast
inoculum at 37°C for 48 hours by microscale optical den-
sity (OD) assay according to the following criteria:
“Total stasis” indicates that an agent elicited no change
or a change in turbidity <0.1 OD unit for >48 hours
(complete growth inhibition), “stasis recovery” (SR) is
the time point at which turbidity of a previous stasis sys-
tem shows an upward growth trend for >0.1 OD unit
(recovery from growth inhibition), and “partial stasis”

The ALF/FCN combination is a novel
antifungal potentiation system that
could be effective for clinical
management of VVC.

(PS) is proliferation after stasis recovery, measured as a
percentage relative to growth control at any time (in-
complete growth inhibition).
RESULTS: For ALF (2.5
mg/mL), the mean SR time
was 15.6 =2 hours for C al-
bicans (n=5) and 27.5+2
hours for C glabrata (n=5).
The SR patterns for FCN
were strain dependent and
showed a wide range of devi-
ation for both Candida
species; accordingly, the val-
ues were 15.8+9 hours for C albicans and 25.5+12
hours for C glabrata. After 48 hours exposure to C albi-
cans, ALF and FCN elicited a mean PS of 27.5 + 2% and
24.8+ 7%, respectively. The PS values at 48 hours
showed a marked variation between C glabrata isolates,
29.1+24% for ALF and 21.5+38% for FCN. However,
a combination of ALF and FCN at their threshold MIC
showed significant drug synergism, causing total stasis
of both species of Candida isolates. Thus, no SR for any
Candida isolate was detected at or beyond 48 hours.
Conversely, native lactoferrin failed to demonstrate such

From N-terminus Research Laboratory, Pomona, California, and the Department of Obstetrics and Gynecology, Mayo Clinic, Scottsdale,

Arizona.

Presented in part at the XVIIth World Congress of the International Society for the Study of Vulvovaginal Disease, Salvador, Brazil, Oc-

tober 12-16, 2003.

Address reprint requests to: A. Satyanarayan Naidu, Ph.D., Director, N-terminus Research Laboratory, 981 Corporate Center Drive, #110,

Pomona, CA 91768 (asnaidu@n-terminus.com).

Financial Disclosure: This research was funded by LF Technology, LLC, Salt Lake City, Utah. Dr. Naidu has ownership interest in LF Tech-
nology. Dr. Fowler is a consultant for LF Technology. Dr. Fowler and the other authors have no ownership interest in any of the compa-

nies mentioned in this article.

0024-7758/04/4910-0800/%$15.00/0 © Journal of Reproductive Medicine®, Inc.

800

The Journal of Reproductive Medicine®



Volume 49, Number 10/October 2004

potent synergism with FCN against either Candida
species.

CONCLUSION: The combination of ALF and FCN at
the threshold MIC elicited potent synergism, leading to
total fungistasis of C albicans and C glabrata vaginal
pathogens. ALF is a new class of fungistatic agent with a
mode of action distinct from that of azoles. (] Reprod
Med 2004;49:800-807)

Keywords: candidiasis, vulvovaginal; lactoferrin;
fluconazole.

Vulvovaginal candidiasis (VVC) is a common fun-
gal infection of the female genital tract. Conven-
tional treatment consists primarily of repeated,
often monthly, short courses of topical vaginal ther-
apy prescribed with the first appearance of symp-
toms.! Fluconazole (FCN) is a frequently used ther-
apeutic in the clinical management of VVC due to
its high water solubility and wide tissue distribu-
tion after oral administration.? The cellular target
for FCN activity is identified as cytochrome P450-
dependent Cl4o-demethylase, an active compo-
nent of the ergosterol biosynthetic pathway.? Ac-
cordingly, FCN causes ergosterol depletion and
accumulation of 14o-methyl-sterols in the plasma
membrane of Candida species.* However, long-term
use of FCN often leads to drug resistance in Candi-
da strains.> FCN resistance has been linked to (1)
up-regulation of the ERG11 gene, which encodes
the drug target enzyme Cl4o-demethylase; (2) re-
duced affinity of azoles to cellular targets; (3) accu-
mulation of a less toxic ergosterol intermediate,
Cl4o-methylfecosterol; and (4) active efflux of FCN
away from Candida spp, at least 2 types of efflux
pumps, the ATP binding cassette transporter super-
family and the major facilitators, are known to con-
tribute to drug resistance.>!2

Lactoferrin (LF) is a major innate defense factor in
exocrine secretions and neutrophil granules.!? The
ability of LF to bind 2 Fe*3 ions with high affinity in
cooperation with 2 bicarbonate ions is an essential
characteristic that contributes to its major biologic
properties, including antimicrobial activity. Ac-
cordingly, induction of iron-deprivation stasis is
the mechanism by which LF protects mucosal sur-
faces, including vaginal epithelia from pathogens.!*
LF also binds with high affinity to specific pore-
forming channel proteins on the microbial cell sur-
face and alters the membrane diffusion of antimi-
crobial agents.’!7 Fungistasis and membrane drug
diffusion effects of native LF against Candida spp

with limited efficacy have been reported.'®22 Re-
cently, a molecular activation process to enhance
the antimicrobial activity of native LF has been de-
veloped.?® This resulting, activated LF (ALF), is a
microbial blocking agent severalfold more potent
than native LF, with specific activity against

The cumulative effect of fungistasis
and adhesion blockade activity...
makes ALF a promising antimicrobial
agent for protection of the vaginal
mucosa.

pathogens without affecting commensal flora, such
as vaginal lactobacilli.

In a previous study we reported potent fungista-
sis activity for ALF against vaginal isolates of C al-
bicans and C glabrata for an extended period, 96
hours.?* Furthermore, ALF has effectively blocked
the attachment of Candida hyphae and blastospores
to vaginal epithelia. This study was undertaken to
further elucidate the potential of ALF to elicit anti-
fungal synergism with FCN against C albicans and C
glabrata vaginal isolates.

Materials and Methods
LF

LF (lot 10099751) purified from cow’s milk was
provided by DMV International Nutritionals, Veg-
hel, the Netherlands. A 2% (wt/vol) native solution
was prepared by dissolving LF (2.0 g) in 100 mL
sterile PBS (pH 7.2). A 2% (wt/vol) ALF solu-
tion was prepared in accordance with Naidu us-
ing deionized water.?> Native LF (2.0 g) was dis-
solved in 100 mL sterile buffer solution containing 1
mM EDTA (Versene NA™, Dow Chemicals,
Freeport, Texas), 10 mM NaHCO3 (Fisher, Fair-
lawn, New Jersey) and 100 mM NaCl (Sigma Chem-
icals, St. Louis, Missouri). After adjusting the pH to
8.2 (with NaHCO,), food grade pectin (0.02 g; CU
201, Herbstreith & Fox, Niirenbiirg, Germany) was
added to this solution with gentle stirring for partial
immobilization of the dissolved LF. Formation of
immobilized LF was confirmed by gel filtration
chromatography using a Sephacryl 5-200 high-
resolution column (Amersham Biosciences, Piscat-
away, New Jersey).



FCN

FCN (Diflucan® intravenous infusion glass bottles,
Pfizer Roerig, New York, New York) in 0.9% saline
was obtained as 2 mg/mL stock solution and stored
at 26°C until used. FCN was diluted in glass vials to
required working concentrations in 0.9% saline
prior to testing.

Vaginal Candida Isolates

Clinical strains of Candida spp were isolated from
VVC patients at the Microbiology Laboratory,
Mayo Clinic, Scottsdale, Arizona. Isolates were
identified and speciated to C albicans and C glabrata
according to MicroScan (Dade Behring, Dearfield,
[llinois, and Vitek Microbial ID system. Bio-
Merieux, Durham, North Carolina). C albicans
(n=5) and C glabrata (n=5) were received as slant
cultures on Sabouraud’s dextrose (SD) agar. After
revival, pure yeast cultures were stored on Mi-
crobank™ beads (Pro-Lab Diagnostics, Austin,
Texas) at —80°C. Yeast were grown in SD broth
overnight at 35°C for all experimental purposes.

Microscale Optical Density (OD) Assay (MODA)

Antifungal activity of ALF, native LF and FCN
against C albicans and C glabrata was evaluated in
vitro. A 100-puL volume of sterile SD broth (2 x con-
centration) was added to all 96 wells of a sterile mi-
crotiter plate (Costar® 3596, Corning, New York).
ALF, native LF, FCN or sterile EDTA /bicarbonate
buffer (control), each 50 uL in volume, was added to
wells and inoculated with 50 pL yeast suspension
containing ~105 yeast/mL (diluted from a precali-
brated [OD 1.0 at 600 nm] solution of 108
yeast/mL). Yeast growth was monitored at 35°C as
turbidity change in broth at different time points by
measuring OD at 600 nm using a microplate reader
(VersaMax, Molecular Devices, Sunnyvale, Califor-
nia). Prior to OD measurement, the contents of each
well were mixed with a sterile pipette to obtain a
uniform yeast suspension. Wells containing SD
broth without yeast inoculum served as the sterility
control. Wells containing SD broth inoculated with
yeast but without antifungal (i.e., ALF, LF or FCN)
served as the positive growth control. Based on the
above working controls of sterility as well as
growth, when a test strain proliferates typically
under defined conditions of inoculation and incu-
bation, the turbidity (OD) changes in the microbial
growth media, as measured at 600 nm with the fol-
lowing criteria for MODA: “Total stasis” indicates
that an agent elicited no change or a change in tur-
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bidity <0.1 OD unit for 248 hours (complete growth
inhibition), “stasis recovery” is the time point when
turbidity of a previous stasis system showed an up-
ward growth trend for 20.1 OD unit; and “Partial
stasis” is proliferation after stasis recovery, mea-
sured as a percentage relative to growth control at
any time (incomplete growth inhibition).

Measurement of Yeast Generation Time

From the MODA experiment, the total number of
viable yeast cells was enumerated at 0, 24 and 48
hours and compared with the viable counts of inoc-
ula to calculate generation time for each Candida
species under a given test condition. A 200-pL Can-
dida cell suspension from the microtiter plate was
centrifuged, and the treatment solutions were aspi-
rated to remove antifungal exposure. Yeast cells
were resuspended in 0.5 mL normal saline and seri-
ally diluted 10-fold in normal saline. Selected dilu-
tions were plated in duplicate on SD agar for total
yeast counts using an Autoplate® 4000 device (Spi-
ral Biotech, Norwood, Massachusetts). Plating was
performed in an exponential log dilution setting on
the spiral autoplater. Agar plates were incubated at
35°C for 2448 hours, and the total colony counts
were estimated using an automated infrared Q-
count device (Spiral Biotech). Data were expressed
as colony-forming units per milliliter of growth
medium.

Statistical Analysis

Interaction between ALF and FCN was assessed at
each time by using a 2-way analysis-of-variance
model. Differences <0.05 were considered signifi-
cant. All p values and confidence intervals are 2
sided.

Results
Native LF and ALF Effects with FCN

Native LF, ALF at 2.5 mg/mL concentration and
FCN at 0.25 mg/mL dosage were tested for
fungistatic activity either alone or in combination
against vaginal Candida isolates (Figure 1). Stasis re-
covery time points for C albicans strain NTRL809A
were estimated at 13.8 and 15.4 hours for ALF and
FCN, respectively. Native LF (2.5 mg/mL) under
similar test conditions (inoculum 103 yeast) failed to
elicit fungistasis. Partial stasis values were 86% and
69% at 24 hours and 28% and 34% at 48 hours for
ALF and FCN, respectively. A combination of ALF
and FCN, however, resulted in total stasis of C albi-
cans growth for up to 48 hours, significantly higher
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Each data point represents an
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(p<0.0001) than ALF or FCN, individually. Native
LF in combination with FCN showed an additive ef-
fect at 24 hours that progressively diminished with-
in 48 hours.

C glabrata strain NTRL131G in the presence of
ALF and FCN showed stasis recovery at 29.6 and
9.3 hours, respectively. Native LF was ineffective
against C glabrata under similar test conditions. ALF
elicited total stasis at >24 hours, and 55% partial
stasis was observed after 48 hours of exposure. Par-
tial stasis values for FCN were 21% at 24 hours and
4% at 48 hours. Finally, a combination of these 2
agents resulted in fungistasis of C glabrata, signifi-
cantly more potent (p <0.0001) than ALF and FCN
alone measured at their individual dosages at 48
hours. The native LF and FCN mixture demonstrat-
ed a drug potentiation effect at 24 hours that pro-
gressively diminished within 48 hours.

ALF and FCN Effects on Yeast Generation Time

The generation (doubling) time for C albicans was
estimated as 110 minutes in SD broth with 10° yeast
inoculum (Table I). A total of 13 generations were
required for C albicans strain NTRL809A to reach

reading.

stationary growth phase in the controls. Treatment
with ALF or FCN reduced yeast multiplication to 4
replicates by prolonging the generation time to 360
minutes. The ALF/FCN combination treatment,
however, significantly eliminated (p<0.0001) the
doubling of C albicans; therefore, no generation time
was detected.

C glabrata strain NTRL131G at 10° inoculum in SD
broth replicated after 110 minutes and reached the
stationary growth phase after 16 generations under
control conditions. The presence of ALF and FCN in
growth medium retarded the yeast replication to 2
and 10 generations, respectively. Accordingly,
treatments with ALF and FCN extended the dou-
bling time of C glabrata to 720 minutes (2 doublings)
and 144 minutes (10 doublings), respectively. Ac-
cordingly, FCN was less effective against C glabrata.
Finally, ALF/FCN treatment, in combination, re-
sulted in significant antifungal synergism (p
<0.0001), therefore, no generation time was ob-
served.

These data suggested that ALF (2.5 mg/mL) and
FCN (0.25 mg/mL) as individual treatments were
partially effective against VVC pathogens. Howev-
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Effects of ALF, Native LF, FCN Alone and Combinations on Yeast Cell Replication Rates of C albicans (NTRL 809A) and

C albicans inoculum (3.0 x103)

C glabrata inoculum (2.7 x10%)

Test Yeast count Generations 2x time (min) Yeast count Generations 2x time (min)
Control 1.0x10% 13 110 1.2x109 110
LF 2.2x107 13 110 9.6x108 12 120
ALF 4.0x106 4 360 8.3x10° 2 720
FCN 2.8x10° 4 360 1.7x108 10 144
LF+FCN 1.5x10° 3 480 3.7x106 4 360
ALF+FCN 1.2x10% 0 0 2.1x10> 0 0

ALF and native LF were tested at 2.5 mg/mL and FCN at 0.25 mg/mL against yeast grown at 35°C in SD broth and measured by MODA.
Viable yeast counts were performed on SD agar with growth solutions from MODA at 0 (inoculum) and 24 hours, using an automated spiral plating system.

er, a combined dose of their threshold minimal in-
hibitory concentrations (MIC) resulted into a potent
synergism and elicited stasis against both vaginal
isolates of C albicans and C glabrata strains.

ALF/FCN Synergism Against Candida Isolates
(n=10)

Based on the above data, the spectrum of fungistat-
ic synergism between ALF and FCN was further
evaluated in different vaginal isolates of C albicans
(n=5) and C glabrata (n=>5) strains. Stasis recovery
and partial stasis values for individual Candida iso-
lates following treatment with ALF (2.5 mg/mL)
and FCN (0.25 mg/mL) either alone or in combina-
tion are shown in Table II. The data were further
elaborated as percentage growth pattern for each
strain, with average values for each group of Candi-
da species at defined time points following treat-
ment with both antifungal agents (Figure 2).

The average stasis recovery for C albicans isolates
was estimated as 15.6+2 hours and 15.8+9 hours
for ALF and FCN, respectively. The average partial
stasis values after 48 hours drug exposure were
27.5+2% for ALF and 24.8+7% for FCN. Unlike
their individual doses, the combination of ALF and
FCN resulted in significant synergism (p <0.0001),
causing total fungistasis with all 5 C albicans test
strains.

ALF and FCN susceptibility patterns showed a
high degree of deviation between the 5 test isolates
of C glabrata. The average value for stasis recovery
was 27.5+2 hours, and partial stasis after 48 hours
exposure was 29.1 +24% with ALF treatment. After
FCN exposure, an average stasis recovery was ob-
served at 25.5+ 12 hours, and partial stasis after 48
hours was estimated at 21.5+38%. Despite the
marked drug susceptibility deviations among indi-
vidual strains, ALF and FCN, when combined,

Table Il Stasis Recovery (SR) and Partial Stasis Values for Vaginal Candida Isolates Following Treatment with ALF and FCN Either Alone
or in Combination
ALF (2.5 mg/mL) FCN (0.25 mg/mL) ALF + FCN

Test strain SR time (h) PS% (48 h) SR time (h) PS% (48 h) SR time PS% (48 h)

C albicans
NTRL809A 13. 27.9 15.4 33.5 ND TS
NTRL358A 15.6 6.9 13.0 23.1 ND TS
NTRL931A 17.7 19.7 9.4 29.4 ND TS
NTRL128A 16.2 57.6 8.4 22.8 ND TS
NTRL224A 7.0 16.1 15.4 ND TS

C glabrata
NTRL131G 29.6 55.1 9.3 4.3 ND TS
NTRL807G 25.3 5.6 43.1 89.5 ND TS
NTRL814G 25.2 5.6 25.6 4.0 ND T8
NTRL127G 303 50.9 249 4.7 ND TS
NTRL224G 273 28.2 246 5.1 ND TS

TS= total stasis, ND = nondetectable.
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showed significant synergism (p <0.0001) causing
total fungistasis of all 5 test strains of C glabrata.

Discussion

Resistance to FCN is highly prevalent among Can-
dida pathogens; therefore, any development of a
new antifungal agent and/or synergist to overcome
such drug resistance is urgent.> Since VVC is a re-
current infection in the immunocompromised host,
wherein a Candida pathogen proliferates with slow-
steady kinetics, such factors as the infectious dose
of blastospores and antifungal activity for an ex-
tended period need to be balanced in the develop-
ment of any therapeutic regimen. In a previous
study we estimated that ~10° blastospores of Candi-
da are required to infect a 1-cm? surface of the vagi-

nal epithelium and that the yeast cells replicated at
arate of ~110/min under optimal conditions.?* Fur-
thermore, we have shown that ALF (5 mg/mL)
elicited fungistasis of C albicans and C glabrata at 10°
inoculum for 96 hours and significantly blocked
both hyphal and blastospore interactions with vagi-
nal epithelia. In the present study we demonstrated
the synergistic potential of ALF with FCN at thresh-
old MIC to inhibit vaginal Candida pathogens.

In 1994, our laboratory first reported the ability of
LF to bind specific receptors on pathogens and po-
tentiate diffusion of antibiotics across microbial
membranes.!>17 Furthermore, LF interactions with
the pathogen surface seem to enhance an array of
antimicrobial effects, including stasis, adhesion
blockade, altered membrane diffusion rates, opson-



ic activity, intracellular damage and plasmid re-
moval.'*16.25 The development of ALF technology
is essentially to capture and enhance the multiple
antimicrobial spectrum of native LF.>* Thus, apart
from stasis and adhesion blockade effects, ALF
seems to enhance membrane diffusion of FCN by
binding to Candida surfaces; to limit the iron-de-
pendent cytochrome P450, the FCN cellular target,
as well as other components of the electron trans-
port system; and thus to cause synergistic potentia-
tion of FCN. In this study, ALF/FCN synergism
demonstrated potent fungistatic efficacy against
both C albicans and FCN-resistant C glabrata.

Synergism between >2 drugs results from the
combination of different antimicrobial mecha-
nisms. FCN synergism with terbinafine, ibuprofen,
sodium salicylate and propyl paraben against C al-
bicans has been reported.?*27 Synergism of LF and
LF-derived peptides with FCN, itraconazole, am-
photericin B and 5-fluorocytosine against Candida
spp has also been reported.’®22 A cationic peptide
derived from the N-terminus region of LF (LFcin)
has been reported to disrupt the fungal cell mem-
brane and elicit fungicidal activity against C albi-
cans.'"®19 That group further reported cidal syner-
gism between FCN and LFcin B (0.1 mg/mL)
against an azole-resistant C albicans strain when
tested at a low yeast inoculum of 5x10? yeast in
low-ionic RPMI growth medium, for 15 hours.!”
Cationic peptides cause cytolysis by inducing mem-
brane perturbations of microbial and eucaryotic
cells in low ionic environments.?® Thus, most
cationic peptides, including LFcins, fail to function
in physiologic saline.?3" Unlike LFcin B, ALF
demonstrated anti-Candida efficacy and FCN syner-
gism in high-ionic, iron-rich, regular SD broth
against 10° blastospore inocula over 48 hours of sta-
sis. Moreover, ALF/FCN synergism resulted in sta-
sis, independent of the species, strain or FCN-
resistance characteristics of vaginal Candida. The
cidal lytic activity of cationic peptides could leave
intracellular yeast debris, including mycotoxins, on
a diseased, compromised vaginal mucosal surface;
that is highly undesirable. Based on viable yeast re-
covery data, we clearly showed that ALF/FCN syn-
ergism is a stasis phenomenon. Furthermore, the
microbial blocking activity of ALF reported in our
earlier study could detach and exclude Candida
from the vaginal mucosa to complement fungista-
Sis.

Lupetti et al also reported potentiation of FCN
with noncandidacidal concentrations of an N-

The Journal of Reproductive Medicine®

terminal peptide (1-11) of human LF.?? In their
study, a higher inoculum, 6 logs (10¢ yeast), of FCN-
resistant C albicans, when treated with hLF peptide
(8 uM) and FCN (0.2 mg/mL), showed 0.64- and
0.76-log viable yeast reduction, respectively, which
aggregated to 1.4-log inhibition. A combination of
both treatments caused a 1.86-log reduction, indi-
cating that the reported phenomenon was an addi-
tive, not synergistic. Furthermore, survival of > 10+
cells of C albicans from hLF peptide/FCN treatment
suggested limited antifungal activity of the combi-
nation. In our study the yeast generation time data
suggested that ALF/FCN mixtures eliminated any
budding or replication of C albicans and C glabrata at
5-log inocula with no detectable stasis recovery
over 48 hours. Also, the ALF/FCN mixtures dem-
onstrated true synergism to the extent of about 70%
and 560% significantly greater efficacy (p <0.0001)
than ALF and FCN individual and combined treat-
ment for C albicans and C glabrata, respectively.

In conclusion the ALF/FCN combination is a
novel antifungal potentiation system that could be
effective for clinical management of VVC. The cu-
mulative effect of fungistasis and adhesion block-
ade activity, besides clearing the infection load,
makes ALF a promising antimicrobial agent for
protection of the vaginal mucosa.
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Activated Lactoferrin’s Ability to Inhibit
Candida Growth and Block Yeast Adhesion to
the Vaginal Epithelial Monolayer

A. Satyanarayan Naidu, Ph.D., Jules Chen, B.S., Carlos Martinez, B.S.,
Joseph Tulpinski, M.S., Bijay K. Pal, Ph.D., and R. Stuart Fowler, M.D.

OBJECTIVE: To study in vitro growth-inhibitory
effects of activated lactoferrin (ALF) against vaginal
isolates of Candida species
and to measure the ability
of ALF to block interactions
of Candida albicans and
Candida glabrata to the
vaginal epithelial (VE) mono-

STUDY DESIGN: In vitro
effects of ALF on growth of C
albicans and C glabrata in
Sabouraud dextrose (SD)
broth were measured as change in broth turbidity by mi-
croscale optical density assay. ALF was tested at 5 and
2.5 mg/mL concentrations against 10° yeast cell inocu-
lum at 37°C for 96 hours and compared with native
lactoferrin and control (growth in broth without ALF).
VE cells were isolated from human vaginal tissue biop-
sies to establish a functional monolayer for yeast interac-
tion studies. ALF effects on Candida interactions with
the VE monolayer were tested using 3H-thymidine—
labeled yeast. Prophylactic (treatment prior to yeast in-
oculation onto VE) and therapeutic (treatment to detach

A S W Ty S T S A R e T e
ALF [is] a potent natural antifungal
agent that inhibits growth, blocks
adhesion and detaches C albicans and

layer. C glabrata from vaginal epithelial
cells.
A O Y Y ol R TS S e R |

VE-adherent yeast) potential of ALF (5 mg/mL) was
evaluated against vaginal isolates of C albicans strain
NTRL809A and C glabrata
strain NTRL131G.

RESULTS: Growth of Can-
dida species indicated that a
10> yeast inoculum in SD
broth proliferated to a sta-
tionary growth equilibrium
(~10° yeast cell density) in
18 hours (~ 2 hours of gener-
ation time). ALF (5 mg/mL)
elicited > 96 hours of total
stasis (100% growth inhibition) and was significantly ef-
fective against both Candida species (p < 0.0001). At 2.5
mg/mL dilution, ALF sustained total stasis activity to an
average of 18 hours and 24 hours for C albicans (n=5)
and C glabrata (n=5), respectively. Interaction studies
indicated avid binding of C albicans (70-140 x103
yeast) and C glabrata (50-75 x10° yeast) per square
centimeter of VE monolayer. ALF-treated VE showed
significant blockade (p < 0.05) of yeast adhesion by 33%
and 58% with C albicans and C glabrata, respectively.
ALF treatment of yeast-VE complexes resulted in signif-
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icant detachment (p < 0.05) of C albicans and C glabra-
ta, by 58% and 51%, respectively.

CONCLUSION: ALF is a natural fungistatic agent with
potent yeast adhesion-blocking and detachment proper-
ties and is effective against the vaginal pathogens C al-
bicans and C glabrata. (] Reprod Med 2004;49:
859-866)

Keywords: lactoferrin; Candida; vaginal diseases;
candidiasis, vulvovaginal.

Vulvovaginal candidiasis (VVC) is commonly asso-
ciated with immunocompromised host popula-
tions. Alteration or dysfunction of innate host de-
fense in vaginal mucosa is a major predisposing
factor for several infections, including vaginal yeast
colonization.! Accordingly, VVC is more prevalent
during pregnancy, when high hormone levels lead
to an increase in vaginal glycogen, providing a fa-
vorable environment for growth of Candida.? It is es-
timated that 75% of women experience at least one
episode of VVC during the childbearing period. Of
these women, 40-50% experience a second attack,
and a small subpopulation (<5%) experiences re-
current, often intractable episodes.> VVC is preva-
lent among diabetics and women taking oral con-
traceptives, antibiotics and adrenal steroids.**

Lactoferrin (LF), an iron-binding glycoprotein, is
a primary innate defense factor present in milk, sali-
va, tears and other exocrine secretions that bathe
tissue surfaces, including vaginal mucosa.? Further-
more, as a major granular component of polymor-
phonuclear lymphocytes, LF has a protective role in
inflammation and cell mediated immunity.'0 Anti-
Candida activity of LF, first reported by Kirkpatrick
et al, is a fungistatic effect attributed to its ability to
bind and sequester iron from the milieu.!! Fungici-
dal activity for LF against Candida albicans and Can-
dida krusei, by mechanisms related to altered cell
surface permeability, has also been reported.!2-13

Activated lactoferrin (ALF) is a novel formula-
tion of native LF with enhanced function due to a
specific molecular-milieu optimization process.!*
ALF is a natural microbial-blocking agent that de-
taches or prevents attachment of yeast and other
microbes to mucosal surfaces and selectively in-
hibits proliferation of pathogens without affecting
commensal flora.!5

This study assessed the fungistatic activity of
ALF for extended periods of time against vaginal
isolates of Candida species at yeast cell densities rel-
evant to infection and also evaluated the effects of
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ALF in blocking interactions of C albicans and Can-
dida glabrata within the vaginal epithelial (VE)
monolayer.

Materials and Methods
LE

LF (lot 10099751) purified from cow’s milk was pro-
vided by DMV International Nutritionals, Veghel,
the Netherlands. A 2% (wt/vol) native solution was
prepared by dissolving LF (2.0 g) in 100 mL sterile
phosphate-buffered saline (PBS) (pH 7.2). A 2%
(wt/vol) activated LF (ALF) solution was prepared
using deionized water.!# LF (2.0 g) was dissolved in
a 100 mL sterile buffer solution containing 1 mM
EDTA (Versene NA™, Dow Chemicals, Freeport,
Texas), 10 mM NaHCO, (Fisher, Fairlawn, New Jer-
sey) and 100 mM NaCl (Sigma Chemicals, St. Louis,
Missouri). After adjusting the pH to 8.2 (with
NaHCO,), food grade pectin (0.02 g; CU 201, Herb-
streith and Fox, Niirenburg, Germany) was added
to this solution with gentle stirring for partial im-
mobilization of the dissolved LF. The formation of
immobilized LF was confirmed by gel filtration
chromatography using a Sephacryl S-200 HR col-
umn (Amersham Bioscience Corp., Piscataway,
New Jersey).

Candida /solates

Clinical strains of Candida species were isolated
from VVC patients at the Microbiology Laboratory,
Mayo Clinic, Scottsdale, Arizona. Isolates were
identified and speciated to C albicans and C glabrata
with the MicroScan (Dade Behring, Deerfield, Ili-
nois) and Vitek Microbial ID system (BioMerieux,
Durham, North Carolina). C albicans (n=5) and C
glabrata (n=>5) were received as slant cultures on
Sabouraud dextrose (SD) agar. After revival, pure
yeast cultures were stored on Microbank™ beads
(Pro-Lab Diagnostics, Austin, Texas) at —80°C.
Yeast was grown in SD broth overnight at 35°C for
all experimental purposes, unless stated otherwise.

Microscale Optical Density (OD) Assay (MODA)

Antifungal activity of ALF and native LF on growth
of C albicans and C glabrata was evaluated in vitro.
Sterile SD broth (2x concentration), 100 pL, was
added to 96 wells of a sterile microtiter plate
(Costar® 3596, Corning, New York). A 50-uL vol-
ume of ALF, native LF or sterile EDTA /bicarbonate
buffer was added to designated wells followed by
inoculation with 50 pL yeast suspension containing
~10° yeast per milliliter (diluted from an optically



After overnight VE cell proliferation, KSF medium
was removed from the tissue culture flask, replaced
with different dilutions of ALF, native LF or EB
buffer and further incubated in 6.5% CO, at 37°C. A
commercial LDH assay kit was used according to
the product protocol (Sigma) to quantitate the LDH
leakage into the medium at various time points.
Briefly, 0.1 mL of growth medium from each flask
was removed and placed in a 96-well microplate
(Costar® 3596, Corning). The assay was carried out
immediately after each time point. This assay is
based on the reduction of nicotinamide adenine
dinucleotide by LDH activity, and the resulting re-
actant is utilized in the stoichiometric conversion of
a tetrazolium dye. This derived, colored compound
is measured at 490 nm in a microplate reader (Ver-
saMax, Molecular Devices).

Radioadhesion Assay to Measure Yeast-VE
Monolayer Interactions

A 0.1-mL inoculum of overnight culture of Candida
species grown in SDB was reinoculated in 10 mL of
SDB containing H-thymidine (20 pCi). Candida
vaginal isolates were grown at 37°C to exponential
phase (~ 10 hours) to allow optimum uptake and in-
corporation of 3H-thymidine into the yeast cell
DNA. 3H-thymidine-labeled yeast was harvested
by centrifugation (7,500 g), washed and resuspend-
ed in KSF medium. The final density of Candida sus-
pension was optically adjusted to 0.2 OD at 600 nm
(corresponding to ~ 108 yeast per milliliter). A cor-
relation between the radioactivity of 3H-thymidine
(measured as disintegrations per minute [DPM])
and viable yeast count on SD agar was established.

Interaction studies were performed with plastic
inserts (Thermanox 174950, Nunc, Roskilde, Den-
mark) placed into each tissue culture plate well
(Costar® 3524, 24-well plate). One milliliter of Can-
dida suspension (~ 108 yeast) was added to each in-
sert (area=2 cm?) containing ~10° VE cells. The
ratio between VE and yeast was maintained at
about 1:200. After 2 hours of interaction at 37°C,
nonadherent yeast suspension was aspirated, and
wells were washed twice with PBS. Inserts were re-
moved from the well and transferred to scintillation
vials containing 1 mL sterile distilled water. After
incubation at 55°C for 30 minutes in water bath, the
vials were cooled, and a 10-mL Scintisafe® gel (Fish-
er Scientific, Chicago, Illinois) was added. Finally,
the 3H-thymidine radioactivity bound to the inserts
was measured as DPM using a liquid scintillation
analyzer (Tri-Carb 2300 TR, Packard Instrument

The Journal of Reproductive Medicine®

Co., Meriden, Connecticut).

For yeast-VE adhesion-blocking studies, ALF and
other treatments were performed for 2 hours prior
to yeast interaction with VE. For yeast detachment
studies, ALF and other treatments were performed
for 2 hours with yeast-VE complexes.

Statistical Analysis

Mean levels of yeast growth were compared among
treatment groups at each time, and the statistical
significance was calculated by using a 1-way analy-
sis-of-variance model. p Values <0.05 were consid-
ered significant, and these values as well as confi-
dence intervals were 2 sided. Differences between
test groups of yeast-VE interactions were analyzed
by t test using the SigmaStat 3.0 program (SPSS Inc.,
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Figure 1  Effects of ALF (5 mg/mL) and native LF (5 mg/mL) on C
albicans and C glabrata (105 blastospore inoculum) growth in SD
broth at 37°C. ALF elicited total fungistasis, which was more
effective (p<0.0001) than native LF or control.
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precalibrated (OD 1.0 at 600 nm) solution of 108
yeast per milliliter). After inoculation, the mi-
croplate was incubated at 35°C, and the yeast
growth was monitored at different time points as
turbidity change in culture medium by measuring
OD at 600 nm using a microplate reader (VersaMax,
Molecular Devices, Sunnyvale, California). Prior to
OD measurement, the contents of each microplate
well were mixed with a sterile pipette to uniformly
suspend the yeast in the medium. Wells containing
broth without yeast inoculum served as a sterility
control. Wells containing broth inoculated with
yeast but without any antifungal served as a posi-
tive growth control. Based on the above working
controls of sterility as well as growth, when a test
strain proliferated typically under defined condi-
tions of inoculation and incubation, the turbidity
(OD) changes in the microbial growth medium
were measured at 600 nm with the following crite-
ria for MODA: Total stasis is an agent’s eliciting no
change or a change in turbidity <0.1 OD unit for 248
hours, stasis recovery is the time point at which the
turbidity of a previous stasis system shows an up-
ward growth trend for >0.1 unit, and partial stasis is
proliferation after stasis recovery, measured as the
percentage value relative to the growth control at
any time.

Establishment of a Primary VE Cell Line

Vaginal tissue scrapings and biopsies were collect-
ed from 7 volunteers at the Mayo Clinic, Scottsdale,
Arizona, and its institutional review board ap-
proved the sampling protocol. Specimens were
transported under refrigerated conditions in
Eagle’s Minimum Essential Media (EMEM)
(BioWhittaker, Walkersville, Maryland) to the tis-
sue culture laboratory for processing. Vaginal tis-
sue specimens were centrifuged at 400 g in a Beck-
man GS-15 centrifuge (Beckman Coulter Inc.,
Fullerton, California) for 5 minutes, the transport
medium was decanted, and specimens were resus-
pended in EMEM containing a 4 x concentration of
antibiotics (penicillin-G, 400 U/mL; streptomycin
SO,, 400 pg/mL; and fungizone, 10 pg/mL; all ob-
tained from Sigma). After incubation at 37°C for 3
hours, the antibiotic medium was removed by cen-
trifugation, and cells from both specimens were re-
suspended in 2 mL of keratinocyte serum-free
(KSF) medium (Gibco BRL/Invitrogen, Grand Is-
land, New York) supplemented with 50 ug/mL
bovine pituitary extract and 5 ng/mL human re-
combinant epidermal growth factor 1-53 (Gibco
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BRL/Invitrogen) supplemented with penicillin-G
(100 U/mL), streptomycin SO, (100 pg/mL) and L-
glutamine (117 pg/mL). The resuspended cells
from tissue scrapings were plated onto a cell culture
dish (35 mm) (Corning) and incubated at 37°C in a
5% CO, incubator (Sheldon Labs, Cornelius, Ore-
gon).

Tissue biopsies were rinsed twice with PBS, asep-
tically sliced with forceps and a scalpel to remove
any fat or necrotic cells and transferred to a sterile
petri dish containing 2 mL EMEM and 2 mL
trypsin-versene reagent (BioWhittaker). The im-
mersed tissue was subjected to finer dissection and
incubated at 37°C for 30 minutes, and the enzymat-
ic hydrolysis with trypsin was stopped with com-
plete medium (EMEM containing 10% fetal bovine
serum [FBS], BioWhittaker). Cells were separated
from the reagent mixture by centrifugation, resus-
pended in 5 mL complete medium, and seeded in
tissue culture plates. After incubation (in CO,) at
37°C for 24 hours, complete medium was decanted
and replaced with KSF medium. Tissue culture
plates were periodically examined for VE cell at-
tachment and proliferation to >50% of the growth
surface. The KSF medium was decanted, and VE
cells were subcultured after a 3-mL PBS rinse. After
an additional trypsin hydrolysis step, as described
above, a primary VE cell line was established and
maintained in T-75 vented tissue culture flasks
(Becton Dickinson, Franklin Lakes, New Jersey)
containing ~ 25 mL KSF medium with 10% FBS and
grown to the confluent VE monolayer for experi-
mental purposes.

Scanning Electron Microscopy

VE cell monolayer on plastic coverslips was fixed
with glutaraldehyde (2.5% vol/vol) at room tem-
perature for 24 hours and washed twice with PBS,
pH 7.2; that was followed by dehydration with mul-
tiple increments (i.e., 10-95%) of ethanol and ab-
solute ethanol for 15 minutes each. After critical
point drying the dehydrated samples were sputter
coated with gold palladium using an Anatech
Hummer V sputter coater (San Diego, California).
Samples were visualized under a Hitachi S-530

scanning electron microscope (Rexdale, Ontario,
Canada).

Lactate Dehydrogenase (LDH) Assay

Viability (membrane integrity) of VE cells was mea-
sured as a function of LDH leakage into the medi-
um in the presence or absence of test substance.
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Figure 2 Scanning electron microscopy of (A-1) elongated VE cells at 600 x magnification. (A-2) Inset: morphologic characteristics of
adherent VE cells with distinct cellular attachment structures at 6,000 x magnification. (B-1) Effects of ALF on VE-yeast interactions
visualized under light microscopy at 200 x magnification. VE stained with 0.5% crystal violet shows typical nucleated fibroblastic

epithelial cells with prominent cell-cell interactions via transmembrane proteoglycan matrix. (B-2) C albicans strain NTRL809A bound

to VE with typical yeast germination and hypha formation on the epithelial surface. (B-3) C glabrata strain NTRL131G with firm attachment

of blastospores to the VE monolayer.
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Chicago, Illinois). Any differences between mean
values of the compared groups when p <0.05 was
considered statistically significant.

Results
ALF Effects on Yeast Growth

Fungistatic activity of ALF was tested against C al-
bicans strain NTRL809A and C glabrata strain
NTRLI131G, and the effects were compared with
those of native LF (Figure 1). An inoculum of ~ 103
blastospores in SD broth at 37°C exponentially pro-
liferated to reach a stationary growth equilibrium
(~ 107 yeast cell density) in 18 hours (~2 hours of
generation time) for both Candida species. ALF at a
5 mg/mL concentration elicited total stasis (100%
growth inhibition) for 96 hours and was significant-
ly effective (p <0.0001) against both Candida species
as compared to native LF. ALF at 2.5 mg/mL fur-
ther sustained total stasis activity up to an average
time point of 18 and 24 hours for C albicans (n=>5)
and C glabrata (n=5), respectively (data not shown).
In contrast, under similar inoculation and incuba-
tion conditions, native LF (5 and 2.5 mg/mL con-
centrations) failed to elicit fungistasis against either
Candida species.

VE Monolayer and ALF Interactions

SEM analysis showed elongated VE cells with typi-
cal cytomorphologic characteristics. The adherent
VE cells demonstrated distinct attachment struc-
tures that are essential to cellular binding and pro-
liferation (Figure 2A-1 and A-2). VE cells stained
with 0.5% crystal violet (Fisher Diagnostics, Mid-
dletown, Virginia) were also examined by phase-
contrast microscopy (TE300, Nikon, Melville, New
York). VE monolayer demonstrated typical nucleat-
ed epithelium with a defined membrane lining.
Prominent cell-cell interactions via transmembrane
proteoglycan matrix constituents were evident
throughout the monolayer (Figure 2B-1). Viability
and tolerance of VE cells in the presence of ALF was
determined by LDH assay. ALF (5 mg/mL) expo-
sure for >10 hours did not affect VE cell viability.
After 48 hours of exposure, however, VE cell viabil-
ity was reduced to 40% with ALF as compared to
the control. This loss of viability was common to the
aging of the VE (sloughed “lifted,” nonadherent)
cell population as compared to the dividing proge-
ny cells. The activation process significantly re-
duced (p <0.001) VE cell death caused by native LF,
10% and 20% after 48-hour and 72-hour exposures,
respectively (data not shown). Based on these data,
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ALF was tested at a 5 mg/mL concentration for ~2-
hour exposure for VE interaction studies.

VE Monolayer and Yeast Interactions

Based on the DNA uptake of *H-thymidine, a cor-
relation for each radioactive DPM was established
at 125 and 1,200 viable yeast count for C albicans and
C glabrata, respectively. Interaction studies indicat-
ed avid binding of C albicans (70-140 x 103 yeast)
and C glabrata (50-75 x 103 yeast) per square cen-
timeter of a confluent VE surface. C albicans strain
NTRL809A bound to VE with typical yeast germi-
nation and hypha formation on the monolayer (Fig-
ure 2B-2). C glabrata strain NTRL131G showed firm
attachment of blastospores to a confluent VE sur-
face (Figure 2B-3). These data indicate that in vitro
cultured VE retained the cell surface characteristics
(receptors) essential to yeast binding, germination
and hypha formation, therefore suitable for interac-
tion studies.

ALF Blocking of Yeast Adhesion to VE Monolayer

Pretreatment of VE with ALF (5 mg/mL) for 2
hours, followed by pathogen challenge (~ 108 yeast)
for 2 hours, resulted in significant blocking
(p<0.05) of yeast adhesion, by 33% and 58%, as
compared to controls, for C albicans and C glabrata,
respectively (Table I). Under similar conditions, na-
tive LF elicited 10% (p=0.242) and 16% (p=0.264)
VE adhesion blocking of C albicans and C glabrata,
respectively.

ALF Detachment of Yeast-VE Complexes

ALF treatment for 2 hours caused significant de-
tachment (p<0.05) of preformed yeast-VE com-
plexes by 58% and 51%, for C albicans and C glabra-
ta, respectively, as compared to all test groups
(Table I). Under similar conditions, native LF elicit-
ed 10% (p=0.522) and 15% (p=0.361) detachment
of VE-bound C albicans and C glabrata, respectively.

Discussion

Candida species are resident microflora on skin, mu-
cosal surfaces of the intestinal, and respiratory and
genital tracts of normal, healthy individuals. Equi-
librium between the host and yeast microflora en-
sures the avirulent, commensal status of this mi-
croorganism. This equilibrium is attained both by
specific immune responses and nonspecific factors
released by mucosal secretions, such as IgA,
lysozyme and LF.1617 Immunocompromised con-
ditions, such as neutropenia, and reduced flow
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Table I ALF Effects on Interactions of *H-Thymidine-Labeled Candida Species with the VE Monolayer

Total *H-thymidine labeled yeast bound to VE (x1,000)

Adhesion blocking (% effect)

Detachment (% effect)

Test parameter C albicans C glabrata C albicans C glabrata
Control 135+12 (0%) 699 (0%) 74 £4 (0%) 59+4 (0%)
E/B buffer 13711 (=2%) 59+5 (14%) 70+4 (5%) 55+3 (7%)
Normal LF 121+8 (10%) 58+5 (16%) 67 +4 (10%) 503 (15%)
ALF 90+4 (33%) 29+3 (58%)? 31+3 (58%)2 29+2 (51%)

“Results in the ALF-treated group were significantly different (p <0.05) than in the native LF, EDTA/bicarbonate buffer or control group in each column.

rates of exocrine secretions could result in LF defi-
ciency or dysfunction and predispose to oppor-
tunistic pathogenesis by commensal flora, such as
Candida species.18:19

Fungistasis for an extended period of time
against a highly dense yeast population is critical to
the clinical management of VVC. In this study, ALF
(5 mg/mL) elicited total fungistasis (100% growth
inhibition) of C albicans and C glabrata at 105 (5-log)
yeast inoculum in SD broth for 96 hours. In contrast,
native LF failed to elicit total or partial fungistasis
under similar inoculation conditions. This blas-
tospore density (inoculum) was chosen based on
the observation in this study that ~ 105 yeast bound
per square centimeter surface of VEM in vitro.
Kuipers and coworkers tested anti-Candida activity
of apo-LF (iron-free form) and native LF at 2.5
mg/mL concentrations against 4-log yeast inocu-
lum for 24 hours and reported partial fungistasis,
~25% and ~75% activity against C albicans (n=2)
and C glabrata (n=2), respectively.2° In our study,
ALF at 2.5 mg/mL concentration elicited total
fungistasis of 5-log yeast inoculum for an average of
18 and 24 hours for C albicans (n=5) and C glabrata
(n=5), respectively. This suggests that ALF elicited
enhanced fungistatic activity as compared to native
LF and other LF forms.

Adherence of Candida to vaginal epithelium is an
important first step in persistent yeast colonization,
resulting in symptomatic or asymptomatic infec-
tion. Human exfoliated vaginal epithelial cells have
been commonly used for yeast adherence studies.
The physiologic state of the donor (i.e., diabetes,
pregnancy, resident microflora) constitutes vari-
ability in VE cell interactions with Candida.2! To
overcome this limitation, we processed human
vaginal tissue biopsies and established a novel VE
cell monolayer, fully functional for Candida adhe-
sion studies. The safety and tolerance of VE cells to
ALF were established at 5 mg/mL concentration.

The activation process markedly and significantly
reduced (p <0.001) the cytotoxicity of native LF by
10-20%, depending on its VE cell exposure time.

Pathogenesis of VVC is a 3-stage mechanism con-
sisting of blastospore adhesion, germination
(mycelium or hypha development) and epithelial
invasion of C albicans.?2 Adhesion is critical to blas-
tospore survival; accordingly, C albicans is more ad-
herent than C glabrata and other non-albicans
pathogens; that explains its higher frequency in
clinical settings.?* Our data also show that the ad-
herence of C albicans to VE was significantly higher
(p <0.05) than that of C glabrata.

Mannoproteins on the candidal surface bind to
specific phospholipid- and fibronectin-containing
receptors in the VE cell membrane during yeast ad-
hesion.?* Any ligands that competitively bind to
these specific VE membrane receptors with high
affinity could interfere with yeast infection. In this
study, pretreatment of VE cells with ALF caused a
potent blockade of yeast adhesion, suggesting bind-
ing of ALF to the VE membrane. Furthermore, ALF
treatment effectively detached the preformed yeast-
VE cell complexes; that indicated competitive dis-
placement, resulting from a high-affinity interac-
tion of ALF with the VE membrane. Further studies
are under way to elucidate ALF interactions with
the VE monolayer.

The hyphal form of C albicans is more capable of
adhering to mucosal cells than the blastospore form
and thus is more likely to invade host tissues to ini-
tiate clinical disease.?> In our study, ALF demon-
strated a potent blocking effect against both hyphal
forms of C albicans and blastospore forms of C
glabrata adherent to VE cells.

Conventional methods for clinical management
of VVC rely upon the use of antifungal drugs de-
signed to kill the yeast or inhibit growth. Fungicidal
agents cause cytolysis that release intracellular my-
cotoxins and proinflammatory yeast debris into the
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mucosal milieu; that could further compromise the
vaginal host defense. An alternative approach,
aimed at disrupting yeast adherence to vaginal mu-
cosa, might have potential in controlling VVC, par-
ticularly when combined with a fungistatic effect.
In summary, ALF fits this new category as a potent
natural antifungal agent that inhibits growth,
blocks adhesion and detaches C albicans and C
glabrata from vaginal epithelial cells.
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