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Abstract

Group B Streptococcus (GBS) is an encapsulated gram-positive human pathogen which causes
invasive infections in pregnant hosts and neonates, as well as immunocompromised individuals.
Colonization of the human host requires the ability to adhere to mucosal surfaces and
circumnavigate the nutritional challenges and antimicrobial onslaught associated with the innate
immune response. Biofilm formation is a critical process to facilitate GBS survival and
establishment of a replicative niche in the vertebrate host. Previous work has shown that the host
responds to GBS infection by producing the innate antimicrobial glycoprotein lactoferrin, which
has been implicated in repressing bacterial growth and biofilm formation. Additionally, lactoferrin
is highly abundant in human breast milk and could serve a protective role against invasive
microbial pathogens. Our work demonstrates that human breast milk lactoferrin has antimicrobial
and anti-biofilm activity against GBS and inhibits GBS adherence to human gestational
membranes. Together these results indicate that human milk lactoferrin could be utilized as a
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prebiotic chemotherapeutic strategy to limit the impact of bacterial adherence and biofilm
formation on GBS-associated disease outcomes.
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Introduction

Group B Streptococcus (GBS), or Streptococcus agalactiae, is an encapsulated gram-positive
bacterium and one of the leading infection-related causes of adverse pregnancy outcomes.
Some of the consequences of GBS infection may include chorioamnionitis, preterm
premature rupture of membranes (PPROM), preterm birth (PTB), stillbirths, early-onset and
late-onset sepsis, neonatal meningitis 2. For most healthy adults, GBS is part of the
commensal microflora of the digestive tract but may traverse to the vaginal tract to infection
the newborn through ascending infection or ingestion/inhalation of infectious fluids through
vertical transmission during childbirth 3. The leading risk factor of GBS disease is maternal
vaginal colonization 4 and one longitudinal study revealed that up to 50% of the cohort
transient GBS colonization at some point during the pregnancy °. Currently, no commercial
vaccine is available for GBS. Treatment includes antibiotic prophylaxis for mothers who
screened positive for GBS prior to delivery. While treatment is available, hypersensitivities
to first-line antibiotics ©, the lack of improvement of late-onset neonatal sepsis 7, and the rise
of antibiotic resistant strains of GBS 8 call for novel treatments.

There is a wealth of evidence supporting the benefits of breastfeeding in improving infant
health, including combating pathogenic bacterial infections. Laboratory and clinical studies
have supported that human breast milk is able to decrease bacterial-related diarrhea °,
urinary tract infection 1011 and many other diseases associated with bacterial infection 12,
More studies have revealed that components of human breast milk, including maternal
immunoglobulins 13, TGF-B 14, and milk oligosaccharides ° aid in improve infant health.
Components of human breast milk also influence the infant microbiome to protect against
invading pathogens 16, and many of these components are able to directly interact with
pathogenic bacteria. In fact, studies have shown that human oligosaccharides are able to
suppress GBS growth and biofilm formation 17 and sensitize them to a wide range of
antibiotics 1819,

One antimicrobial glycoprotein secreted in high concentrations in human breast milk is
lactoferrin. This antimicrobial protein can comprise of up to 20% of human breast milk.
However, the concentration of lactoferrin in milk varies with time since childbirth.
Generally, there are higher concentrations of lactoferrin in colostrum, which decreases as the
infant matures 20. On average, lactoferrin concentrations in the colostrum are 7-9 g/L and
decrease to 1-3 g/L in mature milk 21.22,

Lactoferrin is a glycoprotein that contains two iron binding sites 23 which participate in the
host defense strategy known as “nutritional immunity”, the biological phenomenon of
starving bacteria of essential metals 24. Iron, in particular, is involved in many crucial
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bacterial processes by acting as a cofactor for enzymes driving DNA replication,
transcription, and central metabolism 25. As such, the access to iron is crucial for bacterial
survival within the host niche. Lactoferrin has shown to have antimicrobial activity against a
wide range of bacterial, viral, and fungal pathogens 2. Due to its potent antimicrobial
activity, several groups have studied lactoferrin for therapeutic use. In one study,
supplementation with lactoferrin decreased instances of late-onset neonatal sepsis and
necrotizing enterocolitis in pre-term infants 27. Lactoferrin also shows promise as an agent
against streptococcal infections 28, including a study demonstrating lactoferrin decreases
biofilm formation in Streptococcus mutans 2. Biofilms are multicellular structures that are
critical for many bacterial pathogens, including GBS, to circumnavigate host defenses and
persist in the hostile environment 3931, We hypothesized that human milk lactoferrin would
potentially decrease bacterial growth, survival, and biofilm formation in GBS, and that this
important host glycoprotein could potentially influence bacterial-host interactions in the
context of human pregnancy.

In this study, we purified lactoferrin from donor human breast milk and demonstrated that
human milk lactoferrin is able to decrease bacterial growth, survival, and biofilm formation
by GBS /n vitro. Furthermore, our work demonstrates that human milk lactoferrin has the
capacity to inhibit GBS adherence to human gestational membrane tissues ex vivo, and that
the antimicrobial properties are enhanced when the glycoprotein is in the apo- form.

Materials and Methods

Bacterial strains and culture conditions

S. agalactiae strain GB112, a clinical isolate from the human reproductive tract 32, was
cultured on tryptic soy agar plates supplemented with 5% sheep blood (blood agar plates) at
37°C in ambient air overnight. The following day, bacteria were sub-cultured from blood
agar plates into liquid medium (Todd Hewitt Broth - THB) and incubated in aerobic
conditions (ambient air, shaking at 200 RPM) at 37°C overnight. The following day,
bacterial density was measured spectrophotometrically to determine the optical density at
600 nm (ODgqp) and these bacterial cultures were utilized for growth, viability, biofilm, and
co-culture assays.

Purification of lactoferrin from human breast milk

Expressed human breast milk was gathered from 17 healthy donors between 3 days and 3
months post-partum and stored between —80 and —20°C. De-identified human milk samples
were provided by Dr. J. Hendrik Weitkamp from the Vanderbilt Department of Pediatrics,
under a collection protocol approved by the Vanderbilt University Institutional Review
Board (IRB #100897). Milk samples were thawed and centrifuged at 8000 g for 45 minutes
to separate milk fats from the soluble fraction. Following centrifugation, the resultant top
lipid layer was removed. Subsequently, proteins were precipitated from the soluble fraction
by the addition of an equal volume of 100% ethanol to the soluble fraction and incubation at
4°C overnight. Precipitated proteins were fractionated by high performance liquid
chromatography. Identity of the sample was determined by mass spectrometry analyses and
protein folding was validated by circular dichroism.
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Preparation of holo- or apo-lactoferrin

Iron-bound (holo-) or unbound (apo-) lactoferrin was prepared as previously described 33:34,
Briefly, 10 mg/mL stock of purified lactoferrin was dialyzed against either 0.1 M sodium
citrate-bicarbonate buffer pH 8.2 alone to generate apo-lactoferrin, or buffer containing 70
mM ferric chloride to generate holo-lactoferrin. Both apo- and holo-lactoferrin were
dialyzed against 1X phosphate buffered saline (PBS) containing Chelex Resin (Sigma
Aldrich) to remove any unbound iron content.

Evaluation of bacterial growth and viability

To determine bacterial growth or viability, optical density measurements at 600 nm (ODgqg)
were recorded. GBS cultures were grown to stationary phase (ODggg between 0.2-0.3) and
diluted at 1:10 in metal-limited THB medium (50% THB with 50% calprotectin buffer (100
mM NaCl, 3 mM CaCl,, 20 mM Tris pH 7.5 33:35)). 100 pL of 1:10 diluted cultures were
added to each well in a 96-well plate. The appropriate concentration of purified lactoferrin
was added into its corresponding well. The plates were left to grow at 37°C and ODgpg was
measured every hour for the first ten hours. The following day, bacterial density was
determined by measuring ODgqg. For the viability assay, each well was serial-diluted at 1:10
up to 1078 with PBS or liquid medium. Each dilution series was plated on blood agar plates
and left to grow at 37°C in ambient air overnight. The following day, colonies were counted
to determine colony forming units (CFU).

Quantification of bacterial biofilms

To evaluate bacterial biofilms, a crystal violet assay was utilized as previously described 36,
Briefly, overnight GBS cultures were diluted 1:10 in THB medium in 96-well plates. To
analyze the effect of lactoferrin on biofilm inhibition, lactoferrin was applied in increasing
concentrations at the time of inoculation. To analyze the effect of lactoferrin on disrupting
existing biofilms, lactoferrin was applied in increasing concentrations after biofilms were
established for 24 hours. Biofilms were allowed to form at 37°C in ambient air overnight.
ODgqg was determined using a spectrophotometer and supernatant was removed and
replaced with 0.1% crystal violet stain for thirty minutes. Wells were washed with deionized
water three times and dried. The retained crystal violet was resolubilized with a solution of
80% ethanol and 20% acetone. Plates were incubated for at least 30 minutes and optical
density was determined at 560 nm (ODs5gg). Quantification was determined by using a ratio
of OD560/OD600.

Gestational membrane-GBS co-culture assays

De-identified gestational membrane tissue samples were procured from term, non-laboring
caesarean section-delivery live births at Vanderbilt University Medical Center with approval
from the Vanderbilt University Medical Center Institutional Review Board (VUMC IRB
#170777). 12-mm gestational membranes biopsy punches were isolated and cultured in
RPMI 1640 medium (ThermoFisher, Waltham, MA) with 10% charcoal stripped fetal bovine
serum (ThermoFisher) and 1% antibiotic/antimycotic solution (ThermoFisher) overnight at
37°C in room air supplemented with 5% carbon dioxide. The membranes were infected with
10% CFU/mL of GBS at in RMPI 1640 medium without antibiotics in the absence of
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lactoferrin treatment or supplemented with either apo- or holo-lactoferrin at a concentration
of 250 ug/mL. Co-cultured tissues were incubated at 37°C in air supplemented with 5%
carbon dioxide overnight.

membrane immunohistochemistry (IHC) staining

Twenty-four hours post infection, membranes were transferred to histological cassettes and
fixed in 4% formalin (buffered). Tissues were cut into 5-um sections, and multiple sections
were placed on each slide for analysis. For immunohistochemistry, slides were de-
paraffinized, and heat-induced antigen retrieval was performed on the Bond Max automated
IHC stainer (Leica Biosystems, Buffalo Grove, IL) using their Epitope Retrieval 2 solution
for 5 to 20 min. Slides were incubated with a rabbit polyclonal anti-GBS antibody (ab78846;
Abcam) for 1 h. The Bond Polymer Refine detection system (Leica Biosystems) was used
for visualization. Slides were dehydrated and cleared, and coverslips were added before light
microscopy analysis was performed.

High resolution electron microscopy analyses

Samples were fixed in 2.0% paraformaldehyde and 2.5% glutaraldehyde in 0.05 M sodium
cacodylate buffer for at least 12 h prior to sequential dehydration with increasing
concentrations of ethanol. Samples were subsequently dried at the critical point, using a CO,
drier (Tousimis, Rockville, MD), mounted onto an aluminum stub, and sputter coated with
80/20 gold-palladium. A thin strip of colloidal silver was painted at the sample edge to
dissipate sample charging. Samples were imaged with a FEI Quanta 250 field-emission gun
scanning electron microscope.

Statistical analyses

Results

Statistical analyses of biofilm formation and bacterial growth were performed using a one-
way ANOVA with either Tukey’s or Dunnett’s post hoc correction for multiple comparisons.
All reported Pvalues are adjusted to account for multiple comparisons. Analysis of bacterial
viability was performed using log transformation of CFU data and either Mann-Whitney U
or one-way ANOVA with either Tukey’s or Dunnett’s post hoc correction for multiple
comparisons analyses. Pvalues of <0.05 were considered significant. All data analyzed in
this work were derived from at least three biological replicates. Statistical analyses were
performed using GraphPad Prism 6 software (GraphPad Prism Software Inc., La Jolla,
California).

Purification of the glycoprotein, lactoferrin, from human breast milk

Previous reports have indicated that lactoferrin is a dominant glycoprotein in human breast
milk with antimicrobial and immunomodulatory functions. In order to study the activity of
human milk-derived lactoferrin against GBS, lactoferrin was isolated from donor milk and
purified via HPLC (Figure 1). High-resolution mass fingerprinting technique (MALDI-TOF
MS/MS fragmentation) was employed in conjunction with trypsin digestion and m/z peaks
revealed a fragmentation pattern and molecular mass that was consistent with that of human
lactoferrin (Figure 1C). Additionally, circular dichroism (CD) spectra was collected in the
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far-UV region (200-250 nm) to monitor conformational changes to the polypeptide
backbone of the protein. The peaks observed at 208, 216, and 222 nm are consistent with a
dominant isoform of apo-lactoferrin derived from the human milk sample when compared
with published CD spectra of lactoferrin 37.

Lactoferrin inhibits GBS growth

Previous studies have shown that lactoferrin possesses antimicrobial activity against GBS 34.
In order to verify the ability of our purified lactoferrin to inhibit bacterial growth, GBS
growth was measured for the first ten hours and overnight across increasing concentration of
apo- and holo- lactoferrin. Spectrophotometric analysis of bacterial growth revealed that
lactoferrin at concentrations at or above 500 pg/mL significance dampened bacterial growth
between 3 to 10 hours post-inoculation, compared to the respective timepoint grown without
lactoferrin treatment (Figure 2A) (P < 0.05, Student’s T-test). However, this phenotype was
not observed when treated with holo-lactoferrin (Figure 2B), suggesting that lactoferrin
purified from breast milk can possess antimicrobial activity against GBS, likely through an
iron binding-dependent mechanism.

To determine the effect of lactoferrin on cell viability, we plated serial dilutions of the
culture at 24 hours post-inoculation to determine differences in bacterial viability across
increasing concentrations of lactoferrin. Both apo- and holo- lactoferrin were able to inhibit
bacterial viability at concentrations at or above 250 pug/mL, when compared to cultures
grown without lactoferrin (Supplemental Figure 1) (P < 0.05, Student’s ftest). In summary,
apo-lactoferrin purified from human breast milk was able to inhibit bacterial growth, while
both isoforms were able to inhibit bacterial viability.

Lactoferrin inhibits GBS biofilm in vitro

To determine if lactoferrin possesses anti-biofilm activity, GBS was treated with a
concentration of lactoferrin (250 pg/mL) that was sub-inhibitory to bacterial growth and
biofilm formation was quantified using a crystal violet assay. At this concentration, biofilm
formation, as measured by optical density at 560 nm and normalized by optical density at
600 nm, was significantly reduced by 50% when cultured in the presence of apo-lactoferrin
(Figure 4) (One-tailed Student’s ztest, P=0.0201). Culture in the presence of holo-lactoferrin
resulted in a 42% decrease in biofilm formation, though this was statistically
indistinguishable from the negative controls grown in medium alone (One-tailed Student’s ¢
test, P=0.0918). High resolution scanning electron microscopy (SEM) revealed results
congruent with the quantitative analyses. GBS grown in medium alone formed robust
biofilms on the abiotic substrate (glass coverslips), and culture in the presence of 250 ug/mL
of apo-lactoferrin resulted in diminished GBS biofilm tertiary architectural structure. GBS
grown in the presence of 250 pg/mL of holo-lactoferrin resulted in diminished GBS biofilm
tertiary architectural structure, however, this phenotype was observed to a lesser extent than
results obtained from cultures treated with apo-lactoferrin. Taken together, GBS exposure to
lactoferrin inhibits biofilm formation as a consequence of iron chelation.
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Lactoferrin inhibits GBS adherence to gestational membrane tissues ex vivo

In order to investigate if purified human milk lactoferrin can disrupt GBS biofilm formation
on human tissues, gestational membrane biopsies were acquired and co-cultured with GBS
in medium alone or medium supplemented with either apo- or holo- isoforms of lactoferrin
at a concentration of 250 pug/mL. Co-cultures were incubated for 24 hours to promote
adherence of bacteria and interactions within the gestational membranes. The tissues were
then fixed and processed for immunohistochemistry staining for GBS. IHC revealed that
GBS is able to adhere to, and form, microcolonies on the maternal decidual side of the
membrane (Figure 5). Treatment with apo-lactoferrin inhibited this phenotype while GBS
was able to form biofilm colonies when treated with the same concentration of holo-
lactoferrin. In conclusion, lactoferrin is able to suppress GBS biofilm formation on human
gestation membrane tissues.

Discussion

In our study, we were successful in purifying human lactoferrin from donor breastmilk using
ion-exchange chromatography. This technique has been utilized to purify lactoferrin from a
host of mammalian breast milk 38 and we were able to assess the quality of the purification
by chromatography, mass spectrometry, and circular dichroism analysis (Figure 1). At of the
time of this study, lactoferrin utility has been studied for a wild range of human diseases,
many of which are particularly detrimental the infants. However, the majority of these
studies focus on the utility of bovine lactoferrin.

One study assessed the use of bovine lactoferrin in preventing sepsis and necrotizing
enterocolitis found that lactoferrin supplementation was able to reduce late-onset neonatal
sepsis but not necrotizing enterocolitis 27. Interestingly, GBS infection leads to preterm birth
and late-onset neonatal sepsis. In another randomized placebo-controlled clinical trial with
bovine lactoferrin supplementation, neonates with low-birth rate exhibited less incidences of
late-onset sepsis 39. Meanwhile, another group sought to determine the impact of bovine
lactoferrin in preventing diarrhea in children found that supplementation did not reduced the
incidences of occurrence but showed that across time, the prevalence and severity of diarrhea
was decreased 40. While there is some encouraging evidence of the benefits of bovine
lactoferrin, another study didn’t observe any differences in incidences of infant sepsis with
birth weight of under 2000 grams “. Similarly, another cohort observed no improvement in
death or major comorbidities but consistent with other findings, found a reduction in late-
onset sepsis with bovine lactoferrin supplementation 42,

While some benefits have been observed with bovine lactoferrin supplementation, even
more success have been shown when lactoferrin is used in combination with other biological
agents. For instance, children supplemented with lactoferrin and lysozyme, another
component of breast milk observed to improve gut health, experienced decreased
hospitalization and reduced development of acute malnutrition 43. In another study with
lactoferrin in combination with Lactobacillus GG, infants with intervention showed a
decreased incidence of severe necrotizing enterocolitis 44. Both trials with bovine lactoferrin
showed improvement in diseases; however, it remains to be seen how human lactoferrin may
affect outcomes.
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With pertinence to lactoferrin and GBS disease, one study found that vaginal
supplementation in pregnant women with bacterial vaginosis reduced the rates of preterm
births 4°. As GBS can infect the fetus through vaginal ascending infections, there is merit in
studying the use of human lactoferrin in the prevention of GBS-mediated pre-term births and
adverse pregnancy outcomes.

The antimicrobial activity of lactoferrin has been implicated in many microbial species, as
well as viruses, and fungi 28. Our work shows that lactoferrin inhibits GBS bacterial growth.
In addition to GBS, lactoferrin also displays antimicrobial effects on other neonatal
pathogens including Staphylococcus epidermidis and Escherichia coli, and the probiotic
Bifidobacterium breve *8. One mechanism lactoferrin, and several peptides derived from the
protein, is able to Kill bacterial cells, in particular Staphylococcus aureus and E. coli, is
through permeabilizing of the bacterial membrane 4. Other similar studies of lactoferrin and
its peptide-derivative demonstrated inhibition of bacterial growth of Vibrio cholerae and
Other Vibrio species, attributing to its ability to disrupt bacterial membranes 4849,
Lactoferrin has also shown to inhibit the growth of intracellular pathogens Salmonella
typhimurium. In particular, lactoferrin and other milk glycoproteins are able to inhibit the
bacterium from adhering to mammalian cells, preventing them from entering the cell and
replicating intracellular. This reveals another mechanism by with lactoferrin is able to
disrupt bacterial growth 0,

Lactoferrin is able to bind two irons and starve microbes of the essential metal 1. We were
able to show that lactoferrin’s antimicrobial activity against GBS is in largely due to the
chelation of nutrient iron, a result that was attenuated when the molecule was pre-saturated
with iron to form the holo-isoform. This is consistent with previous studies with
recombinant lactoferrin inhibiting GBS growth through an iron-dependent mechanism 34,
However, our studies also reveal that holo-lactoferrin is able to inhibit bacterial viability,
suggesting that both iron-dependent and independent mechanisms play a role in its
antimicrobial activity against GBS.

Majority of the anti-biofilm properties of lactoferrin have been studied with Pseudomonas
aeruginosa, a pathogen known for its biofilm forming capabilities and its detrimental effects
to human health. A group studying the effects of lactoferrin and peptide-derivatives showed
that the protein is able to downregulate virulence factors (pyocyanin and elastase) and
reduce biofilm formation in a type strain of 2 aeruginosa 52. Meanwhile, another group
demonstrated that lactoferrin inhibits £ aeruginosa biofilm formation, especially under
anaerobic conditions 53. Beyond laboratory strains, lactoferrin also exhibit antibiofilm
effects on clinical strains of P aeruginosa and pretreatment with ferric iron ablated some of
the phenotype, suggesting that iron chelation is involved 4. This iron-dependent mechanism
is consistent with our finding in which apo-lactoferrin decreased GBS biofilm formation at a
sub-inhibitory concentration whereas holo-lactoferrin did decrease biofilm formation,
though it did not achieve statistical significance.

There have also been studies assessing the anti-biofilm effects of lactoferrin against a range
of Streptococcal species. Several studies have demonstrated that coating titanium surfaces
inhibited bacterial adhesion and subsequent biofilm formation in Streptococcus gordonii >°
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and Streptococcus sanguinis °8. Coating of lactoferrin to other surfaces also resulted in
limited adhesion of Streptococcus mutans®’. Finally, lactoferrin has been shown to inhibit
biofilm formation in S. mutans?°. To our knowledge, our study is amongst the first to
investigate the antimicrobial and anti-biofilm properties of human lactoferrin against GBS.

One recent study with Streptococcus pneumoniae revealed that lactoferrin is able to decrease
biofilm formation 8. Another study of S. preumoniae revealed that iron increases biofilm
formation while iron chelation lead to disruption of biofilm formation 9. The group further
characterized the role of the mononuclear iron protein S-ribosylhomocysteine lyase (LuxsS)
and quorum sensing and biofilm formation. As we saw similar iron-chelation dependent
disruption of biofilm formation through the activity of apo-lactoferrin, it is plausible that
GBS possess similar iron sensing pathways that govern biofilm formation.

We observed that lactoferrin possess antimicrobial and biofilm properties against GBS in
laboratory /n vitro conditions on abiotic surfaces. In order to further our studies, we sought
to investigate if the antibiofilm and antimicrobial properties of lactoferrin could be
determined on a relevant biotic surface. To do this, we acquired human fetal membranes and
performed co-cultures with GBS ex vivoto determine if lactoferrin could alter GBS
adherence to relevant human tissues. Congruent with our /in vitro studies, we observed that
treatment with lactoferrin disrupted GBS biofilm formation, and that this phenotype was
most pronounced with the apo-isoform of lactoferrin. Previous studies using primary human
gestational tissue ex vivo models to investigate bacterial biofilm formation have shown that
bacterial biofilm formation on gestational tissues can be correlated with enhanced
production of pro-inflammatory cytokines such as IL-6, IL-1B, IL-2, IFN-y, TNF-a, and
GM-CSF 0, Thus, it is possible that lactoferrin could inhibit bacterial adherence and biofilm
formation and could also influence immunological outcomes associated with inflammation.

Several studies have explored the protective properties of lactoferrin against a range of
infectious bacterial diseases /n vivo. Other groups have shown using lactoferrin knockout
mice that the protein is important in the defense against Aggregatibacter
actinomycetemcomitans 51 and Streptococcus mutans related bacteremia 82, Other studies
have demonstrated the benefit of lactoferrin supplementation against a variety of bacterial
diseases. Diseases outcomes of candidiasis 3, Uropathogenic £. coli %4, enterohaemorrhagic
E. coli %5, Methicillin-resistant Staphylococcus aureus ®8, and Mycobacterium tuberculosis
67 improved upon introduction of lactoferrin. Lactoferrin was also used in combination with
antibiotics to improve outcomes of Helicobacter pylori disease 8. Future studies may
involve investigating lactoferrin as a therapeutic against GBS infection in relevant animal
models of disease.

In summary, this study revealed that lactoferrin is able to inhibit GBS growth and biofilm
formation by binding to free iron ions in the environment, thus starving the pathogen of this
essential metal by the process of “nutritional immunity” (Figure 5). Furthermore, lactoferrin
inhibits GBS adherence to human gestational membranes by limiting the availability of iron
for GBS.
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Figure 1. Purification of the innate immune antimicrobial glycoprotein, lactoferrin.
A) Conceptual diagram of the protocol for purification of lactoferrin from human breast

milk. Milk is centrifuged, lipid layer is removed, ethanol is added to precipitate milk
proteins under refrigeration, and lactoferrin is purified by chromatography techniques. B)
Chromatograph indicating a single peak, demonstrating purity of lactoferrin sample. C)
Mass spectrometry results demonstrating the identity of lactoferrin within the sample. D)
Circular dichroism graph results demonstrating the proper folding of lactoferrin, and that the
bulk of the sample is present in the apo-form.
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Figure 2. Analysis of bacterial growth in increasing concentrations of lactoferrin.
GBS was grown in increasing concentrations (0, 250, 500, 750, 1000 pug/mL) of A) apo-

lactoferrin (apo-Lf) or B) holo-lactoferrin (holo-Lf) over a 24-hour period. Bacterial growth
was determined by measuring cellular density (optical density at 600 nm or ODggg). Points
equal a mean +/- SEM, n=3-5. *P<0.05, Student’s ¢test comparison to bacteria grown in
medium alone at the same time point. Apo-lactoferrin significantly inhibits GBS growth at

concentrations of 500, 750, and 1000 pg/mL at 3, 4, 5, 6, 7, 8, 9, and 10 hours post-
inoculation, a result that was ablated by saturation of the glycoprotein with iron.
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Figure 3. Analysis of in vitro bacterial biofilm formation on an abiotic surfacein the presence or
absence of lactoferrin.

GBS was grown in medium alone or medium supplemented with 250 pg/mL of either apo-
lactoferrin (apo-Lf) or holo-lactoferrin (holo-Lf). Bacterial biofilm was analyzed by A) high-
resolution scanning electron microscopy (SEM) at low magnification (2,500x, magnification
bar indicates 50 um) and high magnification (10,000x, magnification bar indicates 10 um)
and by B) quantitative analysis of crystal violet staining at an optical density of 560 nm
(ODsgp) normalized to bacterial cell density (ODgqg). Bars indicate mean values of at least
three biological replicates +/-SEM. *P<0.05, Student’s ftest comparison to bacteria grown
in medium alone. Apo-lactoferrin significantly inhibits GBS biofilm formation, while holo-
lactoferrin has an intermediate phenotype that is statistically indistinguishable from the
negative control.
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Figure 4. Analysis of ex vivo bacterial biofilm formation on an abiotic surfacein the presence or
absence of lactoferrin.

GBS was grown in co-culture with gestational membrane tissue in medium alone or medium
supplemented with 250 pg/mL of either apo-lactoferrin (apo-Lf) or holo-lactoferrin (holo-
Lf). Bacterial biofilm was analyzed by either immunohistochemical (IHC) staining with an
antibody specifically to GBS (brown staining) and high-resolution scanning electron
microscopy (SEM) at high magnification (10,000x, magnification bar indicates 10 um).
Apo-lactoferrin significantly inhibits GBS adherence to gestational membrane tissue, while
holo-lactoferrin has an intermediate phenotype that is comparable to the control sample
cultured in medium alone.
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biofilm formation and GBS growth via iron sequestration in a process termed, “nutritional

immunity”. Apo-lactoferrin binds iron and inhibits GBS adherence to gestational
membranes. Both holo- and apo-lactoferrin have the capacity to repress GBS viability.
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