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Abstract

Enterococcus faecalis is ranked among the top five bacterial pathogens responsible for catheter-associated urinary tract infections,
wound infections, secondary root canal infections, and infective endocarditis. Previously, we showed that inactivation of either the
manganese- and iron-binding (EfaA) or zinc-binding (AdcA and AdcAll) lipoproteins significantly reduced E. faecalis virulence. Here,
we explored whether immunization using a multi-valent approach induces protective immunity against systemic enterococcal infec-
tions. We found that multi-antigen antisera raised against EfaA, AdcA, and AdcAIl displayed similar capacities to initiate neutrophil-
mediated opsonization, like their single-antigen counterparts. Further, these antigen-specific antibodies worked synergistically with
calprotectin, a divalent host metal chelator, to inhibit the growth of E. faecalis in laboratory media as well as in human sera. Using
the Galleria mellonella invertebrate model and mouse peritonitis model, we showed that passive immunization with multi-antigen
antisera conferred robust protection against E. faecalis infection, while the protective effects of single antigen antisera were negligible
in G. mellonella, and negligible-to-moderate in the mouse model. Lastly, active immunization with the 3-antigen (trivalent) cocktail
significantly protected mice against either lethal or non-lethal E. faecalis infections, with this protection appearing to be far-reaching

based on immunization results obtained with contemporary strains of E. faecalis and closely related Enterococcus faecium.
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Introduction

While residents of the gastrointestinal tract, enterococci are
major opportunistic pathogens notorious for causing a variety
of localized and systemic infections, including but not limited
to catheter-associated urinary tract infections (CAUTI) (Flores-
Mireles et al. 2015), antibiotic-induced intestinal dysbiosis (Ubeda
et al. 2010, Chanderraj et al. 2020), surgical site and diabetes-
associated wound infections (Bowler et al. 2001, Gjgdsbgl et al.
2006, Dowd et al. 2008), endodontic infections (Alghamdi and
Shakir 2020), and infective endocarditis (IE) (Fiore et al. 2019). In
healthcare settings, enterococci frequently rank among the top
five bacterial pathogens of bloodstream infections, surgical site in-
fections, and CAUTI (Mendes et al. 2018, Garcia-Solache and Rice
2019, Werneburg 2022, Farsi et al. 2023), and is the third most com-
mon pathogen of I[E (Amat-Santos et al. 2015). While the number
of species in the genus Enterococcus has substantially increased in
the last decade, E. faecalis and E. faecium continue to be responsible
for the overwhelming majority of human infections (Mendes et al.
2016, Weiner et al. 2016, Hornuss et al. 2024). Furthermore, oppor-
tunistic enterococcal infections are often difficult to treat due to
the notoriously hardy nature of this genus that allows its mem-
bers to thrive under adverse conditions (Gaca and Lemos 2019)
as well as high incidence of multidrug-resistant (MDR) strains
(Arias and Murray 2012). Furthermore, enterococcal infections are

prevalent and have poorer outcomes in vulnerable (at-risk) pop-
ulations, including older adults, people with disabilities, and im-
munocompromised and/or chronically ill individuals (Kristich et
al. 2014). For these reasons, the development of novel or improved
therapies to treat or prevent enterococcal infections, especially
in populations that are more susceptible to these bacteria, is ur-
gently needed.

To date, vaccines remain the most effective and safe therapeu-
tic modality to prevent the occurrence or re-emergence of infec-
tious diseases (Saleh et al. 2021). Since the late 1980s, MDR bac-
terial infections have been on the rise and have been recognized
by the World Health Organization as one of the most serious pub-
lic health challenges of the next century (Iskandar et al. 2022).
Over the years, our ability to treat a range of bacterial infections
that were once effectively cured with antibiotics has been severely
compromised. Because vaccines can trigger long-term protective
immune responses (Forthal 2014), they have the advantage of
not only protecting the immunized individual but also of confer-
ring protection within a population that perhaps might deceler-
ate the emergence of MDR bacterial strains (Jansen et al. 2021).
Substantial innovations have been made in vaccinology over the
past decades (Hajj Hussein et al. 2015), which have prompted
attempts to develop vaccines against difficult-to-treat infections
caused by MDR bacteria. As of last year, a total of 155 bacterial
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Table 1. Strains used in this study.

Strain name Relevant characteristics® References
Enterococcus faecalis laboratory OG1RF (WT) Oral isolate, Riff, Fus® Lab stock
strain
Enterococcus faecalis clinical strains ~ TX0104 (Cat no. HM 201) Blood isolate; Van® @
TX1322 (Cat no. HM 202) Fecal isolate; Kan® a
MMHS594 (Cat no. NR 31975) Blood isolate; Erm® Gen® 2
V587 (also termed EnGen0242) (Cat no. NR Urine isolate; Van® a
31979)
Enterococcus faecium clinical strains 503 (also termed 1137 055) (Cat no. HM 952) Unknown a
EnGen0314 (Cat no. NR 31903) Fecal isolate @
EnGen0316 (Cat no. NR 31909) Fecal isolate a
EnGen0312 (Cat no. NR 31912) Fecal isolate; Van® a
TX0082 (Cat no. HM 460) Blood isolate; Amp® ErmR, Kan®, a
Van®
ERV99 (Cat no. HM 975) Peritoneal fluid isolate; AmpF, a

Van®, GenR, Strep?

2The following strains were obtained through BEI Resources, NIAID, NIH as part of the Human Microbiome Project.
PResistant to kanamycin (Kan®), vancomycin (Van®), erythromycin (Erm®), gentamycin (Gen®), ampicillin (AmpR), streptomycin (Strep?), rifampcin (Rif}), fusidic

acid (Fus®).

vaccines against MDR pathogens are either in pre-clinical or in
clinical phase (Frost et al. 2023). Despite the efforts of a small
number of researchers, in particular the laboratory of Johannes
Huebner that has explored the potential of selected enterococ-
cal polysaccharides and proteins as vaccine candidates (Kodali et
al. 2015, Kalfopoulou and Huebner 2020), there are currently no
vaccines against enterococci in either the pre-clinical or clinical
phase pipelines (Frost et al. 2023).

The ability to scavenge trace metals such as iron, manganese,
and zinc from the host environment is an ubiquitous and essen-
tial trait of bacterial pathogens (Palmer and Skaar 2016). Similar
to other bacteria (Murdoch and Skaar 2022), our group has shown
that E. faecalis possesses highly efficient iron (EfaCBA, EitABCD,
EmtABC, FeoAB, and FhuDCBG), manganese (EfaCBA, MntH1, and
MntH?2), and zinc (AdcACB/AdcAIl) acquisition systems (Colomer-
Winter et al. 2018, Lam et al. 2022). We showed that loss of either
the manganese-binding EfaA or both zinc-binding (AdcA and Ad-
cAll) lipoproteins severely impaired E. faecalis virulence in a num-
ber of animal infection models (Colomer-Winter et al. 2018, Lam
et al. 2022). In addition, Huebner and colleagues showed that pas-
sive immunization with polyclonal antibodies raised against E. fae-
cium PsaAfm and AdcAfm provided broad protection against en-
terococcal infections (Romero-Saavedra et al. 2015). In these stud-
ies, the authors demonstrated that immunization of rabbits with
PsaAfm (63% identity to E. faecalis EfaA) or AdcAfm (73% identity to
E. faecalis AdcAll) induced opsonic antibodies that mediate killing
of both E. faecium and E. faecalis. Further, passive transfer of ei-
ther PsaAfm or AdcAfm antisera reduced bacterial burden in the
liver of mice infected with E. faecium (Romero-Saavedra et al. 2015).
In this report, we have further examined the potential of E. fae-
calis manganese- (EfaA) and zinc-binding (AdcA and AdcAll) pro-
teins in combination, to confer protection against systemic ente-
rococcal infections. Our results indicated that immunization with
these proteins generates opsonic antibodies, and that passive im-
munization with either a 2-antigen (EfaA+AdcAll) or 3-antigen
(EfaA+AdcA-+AdcAll) antisera conferred protection against E. fae-
calis infection in the Galleria mellonella infection model, and to both
E. faecalis and E. faecium in an intraperitoneal (IP) challenge mouse
model. Finally, we showed that active immunization with the
3-antigen (trivalent) cocktail provided robust protection against
both non-lethal and lethal infections with E. faecalis in the peri-
tonitis mouse model. Collectively, our findings reveal that ei-

ther passive or active immunizations with manganese- and zinc-
binding proteins confer stronger protection against enterococcal
infections in mice when used in combination rather than alone.
To this end, our findings support that EfaA, AdcA, and AdcAIl are
viable candidates and can serve as the basis for the development
of a broadly protective multivalent vaccine. Such a vaccine would
be beneficial for patients at heightened risk of developing ente-
rococcal infections, as well as for their caregivers and healthcare
professionals.

Materials and methods
Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Table 1. Bac-
teria were grown in brain heart infusion (BHI) broth (BD Difco,
New Jersey, USA) at 37°C under static conditions. For growth ki-
netic assays, overnight cultures were adjusted to an ODggo Of
0.25 (~1 x 10% colony-forming units (CFU) ml~') and inoculated
into BHI at 1:50 ratio, with changes in ODggg over time recorded
in an automated growth reader (Bioscreen c, Oy Growth Curves
AB, Helsinki, Finland). Starter cultures for in vitro and in vivo ex-
periments were prepared from overnight BHI cultures adjusted
to an ODgy of 0.25 in PBS. Experiments using native hCP or
hCpaMn-tal (gifts from Walter Chazin, Vanderbilt University, USA)
were performed in BHI-CB (BHI supplemented with 50% (v/v) CP
buffer (40 mM NacCl, 0.5 mM B-mercapethanol, 1.2 mM CacCl,,
8 mM Tris-HCl, pH 7.5). For growth in human sera supplemented
with antigen-specific antibodies, inoculum was prepared from
overnight E. faecalis cultures adjusted to ODgy of 0.5 and in-
oculated at a ratio of 1:1000 into pooled human serum alone
or supplemented with 25 pg ml~! of purified antibodies. Heat-
inactivated antibodies were prepared by incubation at 65°C for
1 hour. For E. faecalis OG1RF CFU determination, serially diluted
aliquots were plated on BHI agar supplemented with 200 pg ml~!
rifampicin and 10 ug ml~* fusidic acid. For CFU determination of
other enterococci, plain BHI agar was used instead. Chemical and
biological reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless stated otherwise.

Bioinformatic analysis of EfaA, AdcA, and AdcAIl

Amino acid sequence alignment of E. faecalis OG1RF AdcA
and AdcAIl was performed as previously described (Lam et



Table 2. Nucleotide consensus in sequences of clinical isolates.

Lam et al.

Strain BEI catalog no. BioProject ID Sequence identity %* Contigs accession ID
Enterococcus faecalis HM-201 30623 EfaA (84, 99.68); ACGL01000034.1, ACGL01000223.1
TX0104 AdcA (98.95); ACGL01000063.1
AdcAII (98.83) ACGL01000023.1
Enterococcus faecalis HM-202 31461 EfaA (99.57, 68.24); ACGMO01000011.1, ACGM01000048.1
TX1322 AdcA (99.37); ACGM01000066.1
AdcAII (98.96) ACGM01000099.1
Enterococcus faecalis NR-31975 89033 EfaA (99.68, 68.24); AJDZ01000011.1, AJDZ01000008.1
MMH594 AdcA (99.37); AJDZ01000002.1
AdcAlI (98.96) AJDZ01000018.1
Enterococcus faecalis V587  NR-31979 88873 EfaA (99.68, 68.24); AJBB01000014.1, AJBB01000011.1
AdcA (99.37); AJBB01000022.1
AdcAII (98.96) AJBB01000021.1
Enterococcus faecium HM-460 47193 EfaA (68.88, 67.75); AEBU01000015.1, AEBU01000077.1
TX0082 AdcA (64.97, 68.05); AEBU01000046.1, AEBU01000080.1
AdcAlI (68.95, 71.06) AEBU01000125.1, AEBU01000127.1
Enterococcus faecium 503 HM-952 81995 EfaA (68.88, 68.49); AMBN01000022.1, AMBN01000008.1
AdcA (68.05, 64.97); AMBNO01000132.1, AMBN01000191.1
AdcAIl (70.84) AMBNO01000008.1
Enterococcus faecium HM-975 82043 EfaA (68.88); AMAQO01000181.1
ERV99 AdcA (68.05); AMAQO01000176.1
AdcAll (66.09) AMAQO01000009.1
Enterococcus faecium NR-31903 89027 EfaA (68.88, 68.49); AJDX01000051.1, AJDX01000015.1
EnGen0314 AdcA (68.05, 64.97); AJDX01000016.1, AJDX01000029.1
AdcAlII (70.84) AJDX01000015.1
Enterococcus faecium NR-31912 89027 EfaA (68.88, 68.49); AJDX01000051.1, AJDX01000015.1
EnGen0312 AdcA (68.05, 64.97); AJDX01000016.1, AJDX01000029.1
AdcAll (70.84) AJDX01000015.1
Enterococcus faecium NR-31909 89017 EfaA (68.88, 68.49); AJDS01000014.1, AJDS01000027.1
EnGen0316 AdcA (64.97, 68.05); AJDS01000013.1, AJDS01000029.1

AdcAII (70.84)

AJDS01000027.1

*Compared to E. faecalis OG1RF protein sequences.

al. 2022). To generate phylogenetic trees, amino acid se-
quences from EfaA, AdcA, and AdcAIl proteins of E. faecalis
OGIRF (EfaA; WP_002356954.1, AdcA; WP_002367576.1, AdcAII;
WP_002392710.1) were queried against genomes of E. faecalis and
E. faecium available in the Bacterial and Viral Bioinformatics Re-
source Center (BV-BRC) database. Among the 4539 E. faecalis and
7555 E. faecium genome sequences available in the BV-BRC repos-
itory, 154 E. faecalis and 206 E. faecium genomes were selected for
comparison based on the following criteria provided by BV-BRC:
(i) complete genome, (ii) good quality genome, and (iii) isolated
from humans. In consideration of potential orthologs and/or ho-
mologs of EfaA, AdcA, and AdcAll and the limitation of the BV-
BRC server in generating large phylogenetic maps, 19 genomes
were randomly selected as representative strains isolated from
different countries and aligned with E. faecalis OG1RF as the ref-
erence genome to generate cladogram displays of protein phy-
logeny. Phylogenetic trees generated were then edited using the
Interactive Tree of Life (iTOL) version 5 online software. To iden-
tify nucleotide conservation among clinical E. faecalis and E. fae-
cium isolates obtained from NIH BEI Resources Repository, shot-
gun sequencing-derived scaffolds of each strain were queried (Ta-
ble 2) against nucleotide sequences of efaA (OGIRF_RS08610), adcA
(OG1RF_RS00260), and adcAll (OG1RF_RS12625) that were obtained
from BioCyc genome database.

Construction, expression, and purification of
recombinant proteins

Protein expression using Xpress cell free™ protein synthesis
(CFPS) (XpressCF+™) platform was performed as previously de-

scribed with minor modifications (Zawada et al. 2011). Briefly,
codon-optimized sequences were synthesized and sub-cloned
with an N-terminal methionine into a proprietary vector at ATUM
(Menlo Park, CA, USA). Each protein of interest contained an N-
terminal histidine-6 tag followed by a TEV protease [ENLYFQG]
cleavage site. For titer estimates, microscale cell-free protein syn-
thesis reactions were performed in the presence of radiolabeled
14C-leucine (GE Life Sciences, Piscataway, NJ, USA), of which the
incorporation allowed accurate assessment of total protein, in-
cluding the soluble fraction counterpart in the reaction mixture.
Microscale expression test reactions were performed in 100 pl
of supermix containing 2% *C-labeled leucine, plasmid DNA for
each polypeptide construct, cell-free E. coli extract, T7 polymerase,
and water. The complete cell-free reaction supernatant was blot-
ted onto an anion exchange filter membrane, extensively washed
to remove unbound material, and heat-dried for 30 min. Finally,
the filter membrane was evenly coated with scintillation fluid,
air dried, and the counts recorded to estimate the total and sol-
uble yield of the expressed proteins. Next, small-scale protein
expression was performed as previously described (Knapp et al.
2007) with minor modifications. Cell-free extracts were incubated
with 50 pM iodoacetamide for 30 min at room temperature, and
then added to a reaction mix containing 30% (v/v) iodoacetamide-
treated extract with 8 mM magnesium glutamate, 10 mM ammo-
nium glutamate, 130 mM potassium glutamate, 35 mM sodium
pyruvate, 1.2 mM AMP, 0.86 mM each of GMP, UMP, and CMP, 2 mM
of each amino acids (except tyrosine, at 1 mM), 4 mM sodium
oxalate, 1 mM putrescine, 1.5 mM spermidine, 15 mM potas-
sium phosphate, 100 nM T7 RNAP, 2-10 ug ml~! plasmid DNA
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template, 1-10 uM E. coli DsbC. Reduced (GSH) and oxidized (GSSG)
glutathione were added to a total concentration of 5 mM. The ini-
tial redox potential was calculated using the Nernst equation with
EO = 205 mV as the standard potential of the GSH/GSSG couple
at 30°C and pH 7. Proteins produced at the larger scale were then
plated evenly in 20 cm Petri dishes, forming a thin layer at the bot-
tom, and the plates incubated at 25°C for 14-16 hours. The pool
was harvested the next day at 7500 x g for 35 min, then the super-
natant was collected, and the salt content was adjusted to 50 mM
Tris pH 8, 150 mM NacCl, and 10 mM imidazole, prior to being sub-
jected to a 0.22 pM filtration. To purify the polypeptide antigens,
Ni-beads were used to bind the His-tagged protein. Briefly, 5 ml
of HisTrap excel columns were equilibrated in Buffer A (50 mM
Tris pH 8, 150 mM NacCl, and 10 mM imidazole), washed once in
Buffer A, then Buffer A2 (Buffer A + 0.05% Triton X-100) for en-
dotoxin removal, and followed by another wash in Buffer A to re-
move the detergent. The polypeptide antigens were eluted using
a Buffer B gradient (50 mM Tris pH 8, 150 mM NacCl, and 300 mM
imidazole). The fractions corresponding to the elution peak were
pooled, and purified proteins cleaved using a ratio of 1:10 TEV pro-
tease to protein. Dialysis was performed overnight in 1x TBS. The
samples were retrieved and passed over 1 ml HisTrap using 1X
TBS as Buffer A, with 300 mM imidazole. The flow-through was
collected and concentrated using a 10 kDa cut-off Amicon filter.
Flow-through, washed fractions, and eluted fractions were run on
sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Gels were stained with Coomassie Blue for size, purity, and
TeV cleavage confirmation, and then readout was captured using
a Syngene G-box gel imager. The endotoxin level was tested us-
ing Charles River Endosafe Nexgen-PTS150 Endotoxin detection
system. Aliquots of purified polypeptide antigen were prepared,
labeled, and stored at —80°C for future use.

Multi-angle light scattering analysis

SEC Multi-angle light scattering (MALS)-UV-RI was performed
with an Agilent HPLC 1100 degasser, temperature-controlled auto-
sampler (4°C), column compartment (25°C), and UV-VIS diode ar-
ray detector (Agilent, Santa Clara, CA, USA) in line with a DAWN-
HELEOS multi-angle laser light scattering detector and Optilab
T-rEX differential refractive interferometer (Wyatt Technology,
Santa Barbara, CA, USA) coupled to three TOSOH columns in se-
ries: TSKgel Guard PWXL 6.0 mm ID 4.0 cm long, 12 mm particle;
TOSOH TSKgel 6000 PWXL 7.8 mm ID x 30 cm long, 13 mm parti-
cle; and a TSKgel 3000 PWXL 7.8 mm ID 30 cm long, 7 mm particle.
A mobile phase consisting of 0.2 mm filtered 1X PBS with 5% (v/v)
acetonitrile was used at a 0.5 ml min~! flow rate and 50-100 mg
sample injected for analysis. Agilent Open Lab software was used
to control the HPLC, and Wyatt Astra 7 software was used for data
collection and analysis of molecular weight of purified recombi-
nant proteins.

Antisera and purified polyclonal antibodies
preparation

Recombinant AdcA, AdcAll, and EfaA were sent to YenZym Anti-
bodies (Brisbane, CA, USA) to raise rabbit polyclonal antisera. Poly-
clonal antisera were produced either from single-antigen immu-
nization (AdcA, AdcAll, or EfaA only) or multi-antigen immuniza-
tion (EfaA + AdcAIl, or EfaA + AdcA + AdcAll). Antisera raised
from rabbits immunized with alum (adjuvant/vehicle control)
were used as controls for downstream experiments. Immuniza-
tions were performed via subcutaneous injection of 50 pg antigen
in an accelerated 28-day (single antigen; 1 rabbit per group) pro-

tocol, or 10 pg antigen in a 77-day (multi-antigen; 3 rabbits per
group) standard immunization protocol. Pre-bleeds, production
bleeds, and terminal bleeds were obtained and stored at —20°C for
future use. A portion of the terminal bleeds from the rabbits im-
munized with EfaA, AdcA, and AdcAll, respectively, were used to
obtain affinity-purified antigen-specific antibodies following Yen-
Zym standard protocols.

Measurement of antigen-specific IgG titers in
rabbit immune sera

Measurement of IgG titers was performed as previously described
(Romero-Saavedra et al. 2015) with minor modifications. Total rab-
bit IgG concentration in each serum sample was normalized to
2 mg IgG ml~! using the Easy-Titer Rabbit IgG Assay kit (Thermo
Scientific, Waltham, MA, USA). Immulon 4 HBX 96-well plates
(Thermo Scientific, Waltham, MA, USA) were coated either with
1 pg antigen or with 0.5 ug S. aureus LTA (Sigma-Aldrich) in 0.2 M
carbonate-bicarbonate coating buffer, pH 9.6. Plates were incu-
bated overnight at 4°C, washed three times with PBS containing
0.05% Tween-20 (PBS-T), and blocked with 3% bovine serum al-
bumin (BSA)-PBS-T at 37°C for 2 hours. After incubation, plates
were washed three times with PBS-T, and sera were plated in two-
fold serial dilutions and incubated for 1 hour at 37°C. Plates were
washed again three times with PBS-T and alkaline-phosphatase-
conjugated goat anti-rabbit IgG (Sigma) diluted 1:1000 used as a
secondary antibody. After 60 mins of incubation at room temper-
ature, plates were washed three times with PBS-T, and then 100
ul of 1-step PNPP (p-nitrophenyl phosphate) (Sigma) was added to
each well and followed by incubation at room temperature for 20
mins. After that, 50 pl of 2 N sodium hydroxide was added to stop
the reaction and the absorbance was measured at 405 nm on a
Tecan Infinite 200 PRO (Tecan Group Ltd, Morrisville, NC, USA).

Isolation of pooled human serum and
neutrophils

Whole blood and buffy coats were obtained from LifeSouth Com-
munity Blood Centers (Gainesville, FL, USA) for isolation of human
serum and neutrophils, respectively. This procedure was approved
and performed in compliance with the University of Florida In-
stitutional Review Board (IRB) Study #IRB202100899. For isolation
of pooled human serum, whole blood from 15 donors (type O")
was pooled, left to stand at room temperature for 30 mins, and
centrifuged at 2000 rpm for 10 mins. The resulting serum super-
natants were pooled, aliquoted, and stored at —80°C for future use.
Isolation of human neutrophils was performed as previously de-
scribed with minor modifications (Kremserova and Nauseef 2020).
Briefly, buffy coats from 7 to 8 donors were pooled and processed
on the day of each experiment. An equal volume of dextran-
heparin buffer (3% (wt/v) Dextran-500, 0.00568% (wt/v) of heparin,
0.9% NacCl) was added to each donor’s buffy coat and incubated at
37°C for 1 hour. After incubation, the leukocyte-rich/erythrocyte-
poor supernatant was transferred to a new tube. For each donor,
leukocyte pellet was collected by centrifugation at 500 g for 10
mins at 4°C and then pooled together in 30 ml of dextran-heparin
buffer. Pooled leukocyte suspension was underlaid with 10 ml of
Histopaque 1077 (density, 1.077 g m1~?) and centrifuged at 400 g
for 40 min at room temperature to isolate the granulocytes and
any remaining erythrocytes (PMN-erythrocyte layer). Supernatant
above this layer was discarded and PMN-erythrocyte cell pellet
suspended in 1% (wt/vol) ammonium chloride for 2-3 mins for hy-
potonic lysis of remaining erythrocytes. Isolation of neutrophils
and complete lysis of erythrocytes was achieved by repeating



hypotonic lysis step and centrifugation at 400 g for 5 mins at 20°C.
Counting of trypan blue-stained cells using a hemocytometer was
performed to determine number of live neutrophils.

Neutrophil-mediated opsonophagocytic assay

In vitro opsonophagocytic assays were performed as previously de-
scribed with minor modifications (Romero-Saavedra et al. 2015).
Briefly, four components were added into Roswell Park Memo-
rial Institute (RPMI) medium (Thermo Scientific, Waltham, MA,
USA) supplemented with 15% (v/v) inactivated fetal bovine al-
bumin (Gibco, Waltham, MA, USA): (a) rabbit complement (Rock-
land, Bedford, PA, USA; added at a ratio of 1:10), (b) the differ-
ent rabbit antisera (added at a ratio of 1:10), (c) polymorphonu-
clear neutrophils (PMNs) freshly prepared from pooled buffy coats
(~1 x 10° cells ml~?1), and (d) overnight-grown bacteria normal-
ized to ODggo 0.025 (~1 x 107 CFU ml~1). All opsonophagocytic
assays were performed using a multiplicity of infection (MOI) of
1:10 (neutrophil to bacteria ratio) in a 24-well microtiter plate for-
mat. Pre-absorption of bacterial cells to the rabbit antisera was
performed for 1 hour at 4°C prior to addition of neutrophils. Af-
ter adding all components, the microtiter plate was incubated in
a shaking incubator at 50 rpm at 37°C for 90 mins. In experi-
ments that require sonication of cells after incubation, samples
were sonicated in an ultrasonic water bath using low-intensity
setting as previously described (Joyce et al. 2003) (Fisher Scien-
tific, Waltham, MA, USA) for 5 mins, then vortex at maximum
speed for 30 secs prior to plating. After incubation, the percent-
age of neutrophil-mediated killing was calculated by determining
CFU of bacteria in the wells that have rabbit antisera compared
to those that do not. For each sample, a plot of OD value against
the antibody dilution [Logio(antibody dilution)] was used to cal-
culate the intercept with the specified cutoff value of each test,
and the extrapolated inverse value was used to generate the end
point titer. For inhibition studies, rabbit antisera were first incu-
bated with purified proteins of interest for 1 hour at 4°C prior to
addition of all other components. BSA (100 ug ml~?) was used as
the protein control. The percentage of inhibition of opsonophago-
cytic killing was compared to controls without inhibitory proteins.

SDS-PAGE and immunoblot analyses

Samples were prepared for immunoblotting (Nielsen et al. 2013)
with minor modifications. Cell pellets were collected by centrifu-
gation, suspended in SDS sample buffer (60 mM Tris, pH 6.8,
10% glycerol, 5% SDS), and then boiled at 100°C for 15 mins.
Protein extracts were normalized by protein content using the
bicinchoninic acid (BCA) assay kit (Pierce™, Appleton, Wisconsin,
USA), and resuspended in 2X SDS sample buffer with 2.5% beta-
mercaptoethanol and 0.1 M dithiothreitol (DTT) prior to loading
onto 12% separating tris-glycine gel. Immunoblotting was per-
formed using wet transfer to PVDF membranes in Tris-glycine
transfer buffer at 100 V for 90 mins at 4°C. After the transfer was
complete, the PVDF membrane was soaked overnight in blocking
buffer (PBS, 0.05% Tween-20, 3% BSA) at 4°C with constant agita-
tion. The next day, the membrane was washed thrice with wash-
ing buffer (PBS-T) followed by 1 hour incubation with rabbit an-
tisera (1:1000) in blocking buffer, and 1 hour incubation with sec-
ondary goat anti-rabbit antibody (Invitrogen, Carlsbad, CA, USA)
(1:5000) with washes before and after each incubation. Proteins
were visualized using the Amersham ECL detection kit (Cytiva,
Marlborough, MA, USA) in a ChemiDoc imaging system (Bio-Rad,
Hercules, CA, USA). For determination of size of proteins and test-
ing of specificity of rabbit antisera, 0.25 ug of purified EfaA, AdcA,
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and AdcAIl were added to 12% separating tris-glycine gel and vi-
sualized after staining in coomassie blue solution (0.25% (w/v)
Coomassie blue R250).

Galleria mellonella infection

To assess E. faecalis virulence, the larvae of G. mellonella were in-
fected as described previously (Colomer-Winter et al. 2018). Briefly,
larvae (groups of 20) were injected with either (i) E. faecalis OG1RF
alone (~ 5 x 10° CFU), (ii) OG1RF pre-absorbed with rabbit anti-
sera at a dilution of 1:20 for 1 hour at 37°C, (iii) heat-killed OG1RF
(30 mins at 100°C), or (iv) vehicle controls (PBS or rabbit anti-
sera). Post-injection, larvae were kept at 37°C and their survival
recorded over time.

IP challenge mouse model

The methods for the peritonitis model have been published (Kaj-
fasz et al. 2012), such that only a brief overview that includes mi-
nor modifications is described here. To assess colonization bur-
den, female 8-week-old C57BL/6 ] mice (Jackson Laboratories, Bar
Harbor, ME, USA) were injected IP with ~5x108 CFUs of bacteria
from an overnight culture, and euthanized either 48 hours or 96
hours post-injection to determine bacterial burden in spleen, kid-
neys, and the peritoneal cavity. To assess the significance of pas-
sive immunization on recovered bacterial titers, mice received IP
injections of 200 ul of either PBS, antisera pre-bleed (pooled from
rabbits from each group), or antisera obtained after single or mul-
tiple antigen immunization (pooled from 3 rabbits per group), 48
and 24 hours before the bacterial challenge, with another boost 24
hours after infection. To determine efficacy of active immuniza-
tion on bacterial burden, mice received subcutaneous injections
containing 5 pg of antigen on days 1, 21, and 42. Complete Freud’s
adjuvant (CFA) and incomplete Freud’s adjuvant (IFA) (Thermo
Scientific, Waltham, MA, USA) was mixed with antigens and in-
jected at a final volume of 100 pl for initial and subsequent im-
munizations, respectively. PBS was used as the vehicle control. In
active immunization studies, bacterial challenge was performed
7 days after the final immunization. Determination of bacterial
titers was performed by plating serially diluted aliquots of homog-
enized tissues on BHI plates. To assess efficacy of active immu-
nization against lethal infection, ~2x10° CFUs of bacteria were
injected via IP after completion of the active immunization regi-
men. Then, mice were monitored for survival over a course of 3
days. For survival experiments, animals were closely assessed for
signs of behavior and neurological deteriorations that warrants
humane euthanasia using a clinical scoring system approved by
the University of Florida (UF) Institutional Animal Care and Use
Committee (IACUC). All mouse procedures were previously ap-
proved and performed in compliance with the UF IACUC (Protocol:
202200000 241).

Statistical analysis

Data obtained from this study were analyzed using GraphPad
Prism 9.0 software (GraphPad Software, San Diego, CA, USA). Data
from multiple experiments conducted on non-consecutive days
were collated and applicable statistical tests were used. Only com-
parisons of groups in each dataset, that is appropriate in the con-
text of results interpretation and discussion, were analyzed. Un-
less stated otherwise, only comparisons with significant differ-
ences (P-value < 0.05) indicated with their corresponding asterisks
will be noted in the figure legends. Comparisons with no signifi-
cance differences do not have asterisks signs.
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Results

Generation of recombinant EfaA, AdcA, and
AdcAlII poteins and antisera

Recombinant AdcA (protein ID: WP_002367576.1), AdcAll (protein
ID: WP_002392710.1), and EfaA (protein ID: WP_002356954.1) were
obtained using Vaxcyte's XpressCF+™ platform (Zawada et al.
2011). His-tagged AdcA, AdcAll, and EfaA proteins were purified
using affinity chromatography followed by TeV cleavage of the
N-terminal His-6 tag. After cleavage, EfaA and AdcA yielded sin-
gle bands that migrated near their predicted molecular masses,
while purified AdcAll showed a band migrating at the predicted
size but also signs of degradation (Fig. 1A). After further purifica-
tion of pooled eluted fractions using a size exclusion column with
a MW cutoff of 10 kDa, we performed the biophysical characteri-
zation of each purified protein using SEC-MALS that revealed that
the MW of EfaA (30.7 kDa), AdcA (32.2 kDa), and AdcAII (54.7 kDa)
(Fig. 1B) are in close approximation to the predicted MW of these
proteins reported in the BioCyc database (EfaA; 34.7 kDa, AdcA;
35.1 kDa, AdcAll; 57.6 kDa) (Karp et al. 2019). Purified proteins
were then used to raise single-antigen and multi-antigen (EfaA
+ AdcAIl or EfaA + AdcA + AdcAll) antisera in rabbits. To verify
that single-antigen antisera were specific to E. faecalis EfaA, AdcA,
and AdcAll, we performed immunoblot analyses with each antis-
era using total protein lysates from E. faecalis OG1RF and respec-
tive isogenic deletion strains lacking EfaA (Aefa) (Colomer-Winter
et al. 2018) or both AdcA and AdcAll (AadcAadcAll) (Lam et al.
2022). With the EfaA antisera, we observed a single band that cor-
responded to the size of EfaA in the parent strain lane but (as ex-
pected) not in the Aefa mutant (Fig. 1C). In addition to reacting to
AdcA, the AdcA antisera cross-reacted with AdcAll, but reacted
more strongly with AdcA than AdcAIl in the parent strain lysate
(Fig. 1D). Pairwise alignment indicates that AdcA shares 56% iden-
tity with the larger AdcAIl (Fig. S1). Similar to the AdcA antis-
era, AdcAll antisera cross-reacted with purified AdcA but reacted
more strongly with AdcAlIl than AdcA (Fig. 1E). We next performed
ELISAs to determine IgG titers of both single- and multi-antigen
immunized groups. Antibody titers were compared using sera ob-
tained prior to immunization (pre-bleed) and after completion of
the immunization cycle (terminal bleed). Lipoteichoic acid (LTA)
from Staphylococcus aureus and antisera derived from immuniza-
tion with alum (adjuvant/vehicle control) were used to verify that
binding of antisera to each protein of interest was specific. All
antisera displayed baseline IgG titers against S. aureus LTA, EfaA,
AdcA, and AdcAll that did not significantly increase after immu-
nization with alum (Fig. 1F and G). Immunization with EfaA, AdcA,
or AdcAll increased corresponding IgG titers by ~100-fold and, as
expected, AdcA and AdcAll antisera cross-react with AdcA or Ad-
cAlI, respectively (Fig. 1F). Of note, immunization with either EfaA
+ AdcAll or EfaA + AdcA + AdcAll combinations yielded similarly
high levels of IgG titers against all three proteins (Fig. 1G).

Antisera derived from multi-antigen
immunization contain opsonic antibodies, like
their single antigen counterparts

To determine whether multi-antigen (EfaA + AdcAlIl, and EfA +
AdcA + AdcAll) antisera contain more (or at least similar) op-
sonic antibodies to single (EfaA, AdcA, or AdcAll) antigen antisera,
we evaluated the capacity of each antiserum to mediate bacte-
rial killing in an opsonophagocytic assay (OPA). When compared
to the corresponding pre-bleed counterparts, antisera of mice im-
munized with single-antigen EfaA (49%), AdcA (35%), and AdcAll
(43%), respectively, had increased opsonic antibodies. Similarly,

antisera of mice immunized with 2- (50%) or 3-antigen (41.5%)
had increased opsonic antibodies (Fig. 2A). In controls that lack
either the complement, neutrophils, or both components resulted
in no killing of E. faecalis (Fig. S2A). Because sonication of cells
(post incubation with 1:10 sera dilution) did not increase CFUs
recovered, and further dilution of the trivalent sera exhibited a
dose-dependent killing efficacy, we conclude that agglutination of
E. faecalis cells is not occurring in these concentrations of antis-
era used (Fig. S2B). To confirm specificity of these results, single
antigen antisera were pre-incubated with corresponding protein
to block antibody-dependent opsonization. As anticipated, pre-
incubation with corresponding antigen significantly reduced («a-
EfaA; 80.16%, a-AdcA; 81.5%, a-AdcAll; 68.7%) the opsonic killing
capacity of each antiserum in a concentration-dependent man-
ner when compared to the negative control bovine serum albumin
(BSA) (Fig. 2B).

Antibodies against EfaA, AdcA, and AdcAlIl
synergize with calprotectin to inhibit E. faecalis
growth

It is well established that manganese and zinc are primarily se-
questered by calprotectin (CP) (Damo et al. 2013, Clark et al. 2016),
a member of the S100 protein family produced in large quanti-
ties by neutrophils and other immune cells during infection and
inflammation (Palmer and Skaar 2016). In previous studies, we
showed that growth of the Aefa mutant is strongly inhibited by
purified human CP (hCP) but not by a hCP variant that cannot
chelate manganese (Colomer-Winter et al. 2018). Furthermore,
growth of the AadcAAadcAll mutant was severely inhibited by
hCP but restored by zinc supplementation in a concentration-
dependent manner (Lam et al. 2022). Next, we asked if antibod-
ies against EfaA, AdcA, and AdcAll can potentiate the growth in-
hibitory effects of hCP by further hindering the ability of EfaA
and AdcA/AdcAll to scavenge manganese or zinc from an envi-
ronment rich in CP. To do so, we compared the ability of E. fae-
calis OG1RF to grow in BHI-CB, a laboratory media that contains
~10 pM zinc and 0.57 uM manganese (Brunson et al. 2023), or BHI-
CB supplemented with either calprotectin (hCP), a mixture of a-
EfaA, a-AdcA, a-AdcAll purified antibodies (herein referred as oo-
3Abs), or both hCP and co-3Abs. While bacterial growth was con-
siderably slower in media supplemented with hCP, final growth
yields were similar to those attained by cultures grown in media
without hCP (Fig. 3A). On the other hand, growth in the presence
of co-3Abs displayed similar exponential growth but final growth
yields were slightly lower when compared to media-only control
(Fig. 3A). In the next set of experiments, we showed that combi-
nation of hCP with the co-3Abs mixture slowed growth and sig-
nificantly reduced final growth yields, while combination of hCP
with each single-antigen antibodies alone resulted in modest re-
ductions of final growth yields (Fig. 3B). Next, we assessed the
fitness of E. faecalis OGIRF in pooled human sera supplemented
with either native calprotectin (hCP) or the manganese-deficient
CP variant (hCPAMM), 0o0-3Abs, or combinations of hCP or hCPAM?
with co-3Abs using heat-inactivated co-3Abs (HI co-3Abs) as neg-
ative control. When compared to serum alone, growth in serum
supplemented with co-3Abs was modestly reduced (~1.9-fold) but
not when compared to serum containing HI-co-3Abs (Fig. 3C). Ad-
dition of either hCP or hCPAM" glone had a negligible impact on
OGI1RF viability when compared to serum only. However, the com-
bination of hCP and co-3Abs significantly reduced growth yields
when compared to serum only (5.25-fold) or serum + oco-3Abs
(2.77-fold) (Fig. 3C). Notably, this synergism was not significant
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Figure 1. Antisera antibodies against EfaA, AdcA, and AdcAll are highly specific. (A) Coomassie blue-stained protein blot loaded with 2 pg of
recombinant EfaA, AdcA, and AdcAll, respectively, and 2 pl of protein ladder. (B) SEC-MALS analysis of weight-averaged masses (Mw) of recombinant
proteins in solution by measuring the intensity of scattered light from these samples as it elutes from an SEC column. (C) Immunoblot showing EfaA
expression in whole cell lysates of E. faecalis WT cells and Aefa cells that has been normalized to 100 pg of total protein, and then compared with

0.25 pg recombinant EfaA. Immunoblot showing (D) AdcA and (E) AdcAll expression in whole cell lysates of E. faecalis WT cells and AadcAadcAll cells
that has been normalized to 100 pg of total protein, and compared with 0.25 pg recombinant AdcA and AdcAll, respectively. The images shown in B-D
are representative from three experiments using three biological replicates. (F-G) ELISA endpoint titers showing binding of recombinant EfaA, AdcA,
and AdcAll, respectively, to lipoprotein-specific sera/antisera IgG harvested from rabbits immunized with (F) single antigen or (G) combinations of
antigens. For E, data points represent average titers of three repeated experiments using rabbit sera (n = 1) of each immunization group. For G, data
points represent average titers of three repeated experiments using pooled rabbit sera (n = 3) of each immunization group. For F and G, statistical
analysis was performed using two-way ANOVA with Turkey’s multiple comparison test. *** P < 0.001, **** P < 0.0001. Error bars represent the standard
error of margin (SEM).
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Figure 2. Lipoprotein-specific antisera, both singly or in combination, enhance neutrophil-mediated opsonization. (A) Percentage of E. faecalis OG1RF
cells subjected to opsonic killing via antibody-mediated neutrophil opsonization using rabbit antisera obtained from single-antigen and multi-antigen
immunization, respectively. Pre-immunization rabbit sera, termed pre-bleed, is used as sera control. Each data point represents average of 3 biological
replicates of E. faecalis OG1RF tested with one rabbit antisera (rabbit sera; n = 1 for single-antigen sera groups and n = 3 for multi-antigen sera groups)
in a single experiment. For all sera groups, experiments have been repeated at least on three non-consecutive days. Statistical analysis was performed
using t test with Welch'’s correction. To inhibit antibody-mediated neutrophil opsonization of E. faecalis, (B) EfaA, AdcA, and AdcAll antisera obtained
from single-antigen immunization, respectively, were pre-incubated with increasing concentrations of their corresponding antigen of interest and a
non-inhibitory protein control, bovine serum albumin (BSA; 100 pg ml~1) prior to bacterial exposure. Statistical analysis was performed using
Kruskal-Wallis test. Data point represents average from at least 2 repeated, non-consecutive experiments using 3 biological replicates of E. faecalis.
Error bars represent the standard error of margin (SEM). For A-B, pooled neutrophils in each experiment were harvested from 7 to 8 de-identified

human donors. * P < 0.05, ** P < 0.001, *** P < 0.0001.
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Figure 3. Lipoprotein-specific antibodies act in concerted effort with calprotectin to restrict E. faecalis ability to grow and acquire metals. Growth of E.
faecalis OG1RF (WT) in BHI-CB media that has been supplemented with (A) calprotectin (150 pg ml~') and affinity purified antibodies cocktail («-EfaA,
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and a-AdcAll) (25 ug ml—1). Data points represent the average of nine biological replicates. Statistical analysis was performed using simple linear
regression of exponential growth phase, and slope of each test condition was compared to the control (A; WT only or B; CPWT only), respectively. (C)
CFU of E. faecalis OG1RF recovered ex vivo from pooled human serum supplemented with (A) calprotectin (WT or AMn) (150 ug ml~?), and antibodies
cocktail («-EfaA, a-AdcA, and a-AdcAll) (25 pg ml—1), respectively, or in combination after incubation for 24 hours. Heat-inactivated antibodies («-EfaA,
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biological replicates after running ROUT standard 1% outlier test. Data analysis was performed using Brown-Forsythe ANOVA test with Dunnett’s T3
multiple comparison test. Error bars represent the standard error of margin (SEM). * P < 0.05, ** P < 0.01.



when co-3Abs was combined with hCPAM2 While mechanisms re-
main to be determined, these results strongly suggest that these
EfaA-, AdcA-, and AdcAll-specific antibodies restrict the growth of
E. faecalis under metal-depleted conditions in vitro.

Trivalent immunization mediates E. faecalis
clearance and enhances host survival rates in a
mouse model of peritonitis

Next, we used two in vivo models to evaluate whether passive
transfer of multi-antigen antisera can provide stronger protection
against E. faecalis infection, when compared to their single-antigen
counterparts. In the G. mellonella model, administration of either
2- (EfaA+AdcAll) or 3-antigen (EfaA+AdcA+AdcAll) antisera, but
not single antigen antisera, significantly increased larvae survival
(~35%) from a lethal infective dose of E. faecalis OG1RF (Fig. 4A and
B, control injections with antisera only, PBS, or heat-inactivated E.
faecalis are shown in Fig. S2). The data obtained from the G. mel-
lonella model provided compelling reasons for us to further inves-
tigate the protective properties of these antisera in a systemic in-
fection model. Using an IP challenge mouse model that spreads
systemically within 24 hours, passive immunization with single
antigen antisera reduced bacterial burden at the site of infection
(peritoneal cavity) and systemically (spleen and kidney) by ~0.5
to 1-log, albeit the protection conferred by AdcA antisera in the
spleen, and AdcAll antisera in the peritoneal cavity was not sig-
nificant when compared to alum control antisera (Fig. 4C). While
no significant differences were seen between bacterial recovery
(at the different sites) of the controls (alum, pooled pre-bleed sera,
PBS), there was larger variability in CFUs recovered from mice pas-
sively immunized with EfaA, AdcA, and AdcAIl from spleen and
kidney. In contrast, both 2- and 3-antigen antisera enhanced pro-
tection against infection (0.5 to 1-log), and appear to have more
consistent recovery of bacterial burden throughout all sites, de-
spite alum control antisera in this experiment providing signifi-
cant (and unexpected) protection when compared to the PBS con-
trol (Fig. 4D).

Next, we explored the protective effects of active immuniza-
tion with EfaA, AdcA, and AdcAIl using the IP challenge mouse
model. Consistent with the results of passive immunization, we
observed that animals immunized with the 3-antigen combina-
tion were more rapidly cleared (1-log reduction) from infection
in the spleen and peritoneal cavity compared to the adjuvant-
only control group 48- and 96-hours post-infection, with the titers
observed in the kidneys at 48 hours being the only comparison
failing to reach statistical significance (Fig. 5A-C). Finally, active
immunization with the 3-antigen combination, but not the sin-
gle antigen counterparts, significantly improved survival rates of
mice infected with a lethal of E. faecalis OG1RF dose by ~30%
(Fig. 5D).

EfaA, AdcA, and AdcAIlI as scaffolds for the
development of a broadly protective multivalent
enterococcal vaccine

Given the high conservation of E. faecalis EfaA (Fig. S3), AdcA
(Fig. S4A), and AdcAII (Fig. S4B) among clinical isolates of E. fae-
calis and their relative conservation in clinical E. faecium strains,
we further investigated whether immunization with the 3-antigen
cocktail could protect against infection by clinical E. faecalis and E.
faecium strains. Initially, we examined the opsonic killing capacity
of the 3-antigen (EfaA + AdcA + AdcAll) antisera against a panel
of E. faecalis and E. faecium clinical isolates (both MDR and non-
MDR). Our findings revealed that the 3-antigen antisera enhanced
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neutrophil-mediated opsonophagocytic killing of both E. faecalis
and E. faecium isolates to levels comparable to those obtained for
E. faecalis OG1RF (Fig. 6A and B). Subsequently, we investigated the
protective effects of active immunization on mice infected with
one E. faecalis and E. faecium clinical isolate, respectively. Our re-
sults demonstrated that immunization with the 3-antigen cock-
tail enhanced systemic clearance of both E. faecalis TX0104 and E.
faecium ERV99 in spleens (0.5-log, 0.5-log) and kidneys (1-log, 0.5-
log), although it did not reduce bacterial burden in the peritoneal
cavity (Fig. 6C-E). While these findings are indeed encouraging,
we are optimistic that this trivalent antigen combination could
potentially serve as the scaffold to build a multivalent, broadly
protective enterococcal vaccine formulation in the future.

Discusssion

Despite the undeniable efficacy of vaccination in preventing in-
fectious diseases and the persistent threat posed by enterococ-
cal infections, a recent review examining vaccines targeting MDR
pathogens revealed that there are currently no vaccines in either
the pre-clinical or clinical development stages targeting either E.
faecalis or E. faecium (Frost et al. 2023). Nevertheless, studies con-
ducted by a selected number of laboratories have identified sev-
eral protein and polysaccharide targets that have elicited opsonic
antibodies. In some cases, these targets have demonstrated the
ability to confer protection against E. faecalis infections. (Singh et
al. 2010, Theilacker et al. 2011, Flores-Mireles et al. 2014, Kazemian
et al. 2019, Wagner et al. 2023). While E. faecium accounts for a
smaller fraction of human enterococcal infections, treatment of
E. faecium infections tends to be more challenging due to the con-
siderable higher prevalence of E. faecium MDR strains compared to
E. faecalis (Moghimbeigi et al. 2018, Boccella et al. 2021, Dadashi et
al. 2021). As a result, there has also been a recent interest in the
development of vaccines against MDR E. faecium (Nallapareddy et
al. 2008, Kropec et al. 2011, Kodali et al. 2015, Wagner et al. 2023).
But there are also promising studies that identified common anti-
gens that can be used to develop a broad-spectrum multivalent
vaccine capable of effectively targeting both E. faecalis and E. fae-
cium (Laverde et al. 2014, Romero-Saavedra et al. 2014, Romero-
Saavedra et al. 2019).

Among prior investigations, Huebner and colleagues showed
that antibodies raised against E. faecium E155 AdcAg, (73% and
57% similarity with E. faecalis OGIRF AdcA and AdcAII, respec-
tively) and PsaAgq, (63% similarity with E. faecalis OGIRF EfaA)
have opsonic properties and provide protection against E. faecium
systemic dissemination in a mouse model (Romero-Saavedra et
al. 2015). Because metal-binding proteins are conserved among
Gram-positive bacteria, are critical for bacterial fitness, and have
been shown to trigger robust immune responses, there have been
attempts to exploit them as vaccine antigen. One example is
the EfaA/PsaAg, homologue from S. pneumoniae, known as PsaA,
which was shown to protect against pneumococcal nasal carriage
in a mouse model (Briles et al. 2000), and has been included in
multivalent protein-based vaccine formulations (Entwisle et al.
2017, Vofs et al. 2018, Chan et al. 2019, Bahadori et al. 2024). Other
examples are co-immunization with S. pneumococcus PiuA and PiA
(both iron-binding lipoproteins) and S. aureus MntC (manganese-
binding) that protected mice from subsequent infection by the
corresponding pathogen (Jomaa et al. 2006, Anderson et al. 2012).
An important aspect to consider when developing an enterococ-
cal vaccine is whether it will provide broad protection across dif-
ferent strain lineages, particularly regarding specific targeting of
virulence factors. Progress in vaccine development is further com-
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Figure 4. Passive transferred antibodies confer protection during E. faecalis infection. Percentage survival of G. mellonella larvae 96 hours post-infection
with E. faecalis WT alone, or pre-incubated together with (A) single-antigen and (B) multi-antigen antisera at a ratio of 1:20. Each curve represents a
group of 20 larvae injected with ~1 x 10° CFU of E. faecalis WT. Data points represent average of six biological replicates. Statistical analysis was
performed using Log-rank (Mantel-Cox) test. *** P < 0.001, *** P < 0.0001. For passive immunization studies, total CFU was recovered after 48 hours
post-infection from spleen, peritoneal cavity, and kidneys of mice immunized with (C) single-antigen antisera and (D) multi-antigen antisera,
respectively. PBS (mock infected) and pre-bleed (sera control) are used as negative controls. Data points represent groups of mice immunized with
single-antigen (n = 9) and multi-antigen (n = 12), respectively, using two biological replicates of E. faecalis OG1RF. After running ROUT standard 1%
outlier test, statistical analysis was performed using Mann-Whitney test. * P < 0.05, ** P < 0.01, *** P < 0.0001. The dashed line represents the limit of

detection (LOD = 40 CFUs).
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Figure 5. Active immunity enhances systemic bacterial clearance and confers protection from lethal doses of E. faecalis infection. For active
immunization studies, total CFU was recovered after 48 and 96 hours post-infection, respectively, from (A) spleen, (B) peritoneal cavity, and (C) kidneys
of mice immunized with antigen cocktail (EfaA + AdcA + AdcAll) suspended in Freud’s adjuvant. PBS suspended in Freud’s adjuvant is used as
immunization control. Data points represent groups of 10 infected mice using two biological replicates of E. faecalis OG1RF. After running ROUT
standard 1% outlier test, statistical analysis was performed using Mann-Whitney test. ** P < 0.01, *** P < 0.001, *** P < 0.0001. (D) Percentage survival
of mice immunized with either antigen cocktail (EfaA + AdcA + AdcAll) or their single-antigen counterparts 72 hours post-infection with lethal dose
of E. faecalis OG1RF. Mice immunized with PBS suspended in Freud’s adjuvant are used as immunization control. Each curve represents a group of 20
mice. Data points represent average of 2 biological replicates. Statistical analysis was performed using Log-rank (Mantel-Cox) test. * P < 0.05.

plicated by strain heterogeneity, which includes the existence of
encapsulated strains of E. faecalis and E. faecium, as well as the lack
of a consensus as to which factors (if any) separate pathogenic en-
terococci from non-pathogenic enterococci. Previous studies have
used capsular enterococcal polysaccharides alone or conjugated
with enterococcal-specific proteins, or other protein carriers, as
an attempt to increase protection coverage with somewhat en-
couraging results (Kodali et al. 2015, Romero-Saavedra et al. 2019).
Here, we showed that antibodies against EfaA, AdcA, and Ad-
cAll enhance opsonophagocytic killing against both non-capsule
producer (OG1RF, serotype B) and capsule-producer (MMHS594,
serotype C) E. faecalis strains, suggesting that these antigens are
not hidden from immune recognition by capsular cell wall com-
ponents.

The present investigation validates and expands the findings of
Romero-Saavedra and colleagues as rabbit antisera raised against
EfaA, AdcA, or AdcAIl facilitated neutrophil-mediated opsoniza-
tion when tested against clinical strains of E. faecalis and E. faecium,
and conferred robust to moderate protection against E. faecalis
systemic dissemination when administered prior to an IP chal-
lenge. In addition, we showed that EfaA, AdcA, and AdcAll anti-
bodies have growth-inhibitory properties, and that antisera raised
against two (EfaA and AdcAll) or all three antigens confers more
robust protection than single antigen antisera. Finally, the results
from our study demonstrate that active immunization with the 3-
antigen cocktail provides protection against both non-lethal and
lethal intraperitoneal challenges, using two distinct strains of E.
faecalis and one strain of E. faecium. These findings present com-
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Figure 6. Targeting metal-binding lipoproteins confer broad protection against E. faecalis and E. faecium clinical strains. Using E. faecalis OG1RF as a
reference strain, percentage of opsonic killing via antibody-mediated neutrophil opsonization using multi-antigen antisera (EfaA + AdcA + AdcAll)
was compared against a list of (A) E. faecalis and (B) E. faecium clinical strains. Alum antisera is used as sera control. Each data point represents the
average of 3 biological replicates of E. faecalis OG1RF tested in a single experiment. For all sera groups, experiments have been repeated at least on four
non-consecutive days. Error bars represent the standard error of margin (SEM). For A-B, pooled neutrophils in each experiment were harvested from 7
to 8 de-identified human donors. Statistical analysis was performed using unpaired t-test with Welch's correction. * P < 0.05, ** P < 0.01, ** P < 0.001.
For active immunization studies, total CFUs were recovered from (C) peritoneal cavity, (D) spleen, and (E) kidneys after 48 hours post-infection with
clinical isolates E. faecium ERV99 and E. faecalis TX0104, respectively. Data points represent groups of 10 infected mice, using two biological replicates.
After running ROUT standard 1% outlier test, statistical analysis was performed using Mann-Whitney test. *P < 0.05, **P < 0.01, ***P < 0.001.

pelling evidence of the promise of these metal-binding proteins as
vaccine immunogens.

It is widely acknowledged that multivalent vaccine formula-
tions elicit superior and broader immune protection compared to
monovalent formulations. Therefore, our future efforts will focus
on leveraging the high-throughput capacity of XpressCF™ tech-
nology to explore additional enterococcal proteins that can be
combined with EfaA and AdcAll to generate a multivalent formu-
lation that can more efficiently (and specifically) target multiple
serotypes of E. faecalis and E. faecium. Along these lines, we recently
identified two novel metal-binding lipoproteins, named EmtC and
FitD, which were shown to work in concerted effort with EfaA and
two other transporters to mediate iron uptake in E. faecalis (Brun-
son et al. 2023). Notably, EmtC and FitD are ubiquitous to E. fae-
calis and, to the best of our knowledge, restricted to the Entero-
coccaceae family with the closest non-enterococcal homologues
(found in few Streptococci and Bacilli) sharing ~60%-65% similar-

ity with FitD. Building upon the results obtained here, the incorpo-
ration of EmtC, FitD, or both to a backbone formulation contain-
ing EfaA and at least AdcAIl holds the potential to augment vac-
cine coverage, efficacy, and specificity. This enhancement could be
achieved by further disrupting bacterial trace metal homeostasis
while simultaneously boosting opsonophagocytic activity and fos-
tering long-term immunological memory. In addition, immuno-
genic surface-associated virulence factors such as Ace and EbpA
can be added to the multivalent vaccine formulation to specif-
ically tackle host colonization factors previously shown to play
important roles in E. faecalis virulence in CAUTI and endocarditis
(Flores-Mireles et al. 2014, Singh et al. 2018). In conclusion, our
study has demonstrated the feasibility of EfaA, AdcA, and AdcAIl
as promising candidates for the development of a broadly pro-
tective multivalent vaccine against enterococcal infections. While
additional research is necessary to explore their potential, we
have no doubt that a broad-spectrum enterococcal vaccine will



be beneficial for patients, their caregivers, and healthcare profes-
sionals, who are at elevated risk of developing enterococcal infec-
tions.
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