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Background: E. faecium infections are increasingly refractory to antibiotics, encouraging vaccine approaches.

Results: Structures of novel protective surface polysaccharides and a teichoic acid were identified from a multidrug-resistant strain.
Conclusion: Detection of these antigens on diverse clinical strains predicts broad coverage for a potential multivalent vaccine.
Significance: Results suggest the feasibility of a glycoconjugate vaccine to prevent E. faecium disease.

The incidence of multidrug-resistant Enterococcus faecium
hospital infections has been steadily increasing. With the goal of
discovering new vaccine antigens, we systematically fraction-
ated and purified four distinct surface carbohydrates from E.
faecium endocarditis isolate Tx16, shown previously to be
resistant to phagocytosis in the presence of human serum. The
two most abundant polysaccharides consist of novel branched
heteroglycan repeating units that include signature sugars
altruronic acid and legionaminic acid, respectively. A minor
high molecular weight polysaccharide component was recog-
nized as the fructose homopolymer levan, and a glucosylated
lipoteichoic acid (LTA) was identified in a micellar fraction. The
polysaccharides were conjugated to the CRM, o, carrier protein,
and the resulting glycoconjugates were used to immunize rab-
bits. Rabbit immune sera were evaluated for their ability to kill
Tx16 in opsonophagocytic assays and in a mouse passive protec-
tion infection model. Although antibodies raised against levan
failed to mediate opsonophagocytic killing, the other glycocon-
jugates induced effective opsonic antibodies, with the altruronic
acid-containing polysaccharide antisera showing the greatest
opsonophagocytic assay activity. Antibodies directed against
either novel heteroglycan or the LTA reduced bacterial load in
mouse liver or kidney tissue. To assess antigen prevalence, we
screened a diverse collection of blood isolates (# = 101) with
antibodies to the polysaccharides. LTA was detected on the sur-
face of 80% of the strains, and antigens recognized by antibodies
to the two major heteroglycans were co-expressed on 63% of
these clinical isolates. Collectively, these results represent the
first steps toward identifying components of a glycoconjugate
vaccine to prevent E. faecium infection.
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Enterococcus species are a leading cause of nosocomial
infections in hospital intensive care units where they affect
patients debilitated by underlying co-morbidities such as
malignancy, renal insufficiency, organ transplantation, poorly
controlled diabetes, or recent surgery (1-3). In hospitals in the
United States, they are the second most common organism
associated with bloodstream infections and rank fourth for
incidence of surgical site infections (4, 5). Enterococcus faecium
is the most therapeutically challenging of the Enterococcus spe-
cies due to a combination of intrinsic antibiotic resistance and
the acquisition through horizontal gene transfer of additional
drug resistance and virulence determinants that facilitate per-
sistence in the hospital environment (6, 7). Of particular con-
cern is the rapid rise of vancomycin-resistant Enterococcus
(VRE)? infections, which in 2009 —2010 composed 83 and 62%
of E. faecium bloodstream infections and surgical site infections
in the United States, respectively (4). VRE strains are also asso-
ciated with severalfold higher mortality rates than susceptible
strains (8, 9). Combating multidrug-resistant E. faecium infec-
tions with newer antibiotics such as linezolid and daptomycin
involves prolonged treatments during which resistance may
arise, leaving physicians with limited treatment options (10—
14). As a result, there is an urgent need to explore alternative
vaccine-based approaches to treat E. faecium infections.

Capsular polysaccharide (CPS) conjugates of the Gram-pos-
itive Streptococcus pneumoniae pathogen have proven effective
at controlling pneumococcal disease (15). There are also
exploratory CPS conjugate vaccines currently in clinical trials
to prevent Streptococcus agalactiae and Staphylococcus aureus
disease (ClinicalTrials.gov registry numbers NCT01364571,

2 The abbreviations used are: VRE, vancomycin-resistant Enterococcus; OPA,
opsonophagocytic assay; LTA, lipoteichoic acid; SEC, size exclusion chro-
matography; MFI, mean fluorescence intensity; CPS, capsular polysaccha-
ride; Leg, 5,7-diacetamido-3,5,7,9-tetradeoxy-p-glycero-p-galacto-nonu-
losonic acid; MWCO, molecular weight cutoff; AEC, anion exchange
column chromatography; NRS, normal rabbit serum; T.E.S.T., Tigecycline
Evaluation and Surveillance Trial; Neu5NAc, 5-N-acetylneuraminic acid;
MALLS, multiangle laser light scattering; RI, refractive index; HPAEC-PAD,
high performance anion-exchange liquid chromatography with pulsed
amperometric detection.
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NCT02046148 (16, 17)). Although putative E. faecium CPS
biosynthetic genes have been predicted from comparative
genomic analysis (18), definitive structures of high molecular
weight polysaccharides have not been previously described. To
date, structural characterization has been limited to the identi-
fication of E. faecium teichoic acids, including lipoteichoic acid
and a wall teichoic acid (19, 20). E. faecium Tx16 was isolated
from an endocarditis patient (21). This strain was shown to be
refractory to phagocytosis by neutrophils and is representative
of a nosocomial lineage responsible for the majority of multi-
drug-resistant E. faecium infections (21-24). The strain is
resistant to and harbors genetic resistance determinants for
chloramphenicol, macrolide, aminoglycoside, B-lactam, and
tetracycline antibiotics (22). The presence of a protective sur-
face polysaccharide antigen on this strain was implicated by the
observation that exposure to periodate treatment rendered it
susceptible to phagocytic killing, and crude carbohydrate ex-
tracted from this strain selectively blocked opsonophagocytic
killing activity of whole cell immune serum (21, 25). Here, we
describe the characterization of four distinct surface polysac-
charides from this strain that may account for its resistance to
killing by neutrophils. As neutrophils are essential for rapid
clearance of E. faecium in mice (26), we used opsonophagocytic
killing assays (OPA) to evaluate the functional activity of anti-
bodies elicited by each polysaccharide and/or their carrier pro-
tein conjugates. To assess coverage of these antigens for a
potential vaccine, we used flow cytometry to measure the pres-
ence of structurally related polysaccharides in a collection of
clinically relevant E. faecium strains.

Experimental Procedures

Bacterial Strains and Culture Conditions—E. faecium strains
were routinely cultured without aeration at 37 °C in Columbia
broth supplemented with 2% glucose. For fermentations, a
500-ml seed culture was added to 7.5 liters of the same media in
an 8-liter stirred tank reactor under pH control and was grown
for 6 or 24 h. Polysaccharide extraction was based on an E.
faecalis procedure (27). After killing by heat treatment (1 h,
65 °C), cells were harvested by centrifugation, resuspended in
150 ml of Tris/sucrose buffer, and treated overnight with 1
mg/ml lysozyme and 10 units/ml mutanolysin at 37 °C. After
centrifugation (10,000 rpm for 20 min), the supernatant was
treated with 100 pg/ml RNase and 10 units/ml DNase for 8 h at
37 °C and then Pronase (50 pg/ml) overnight at 42 °C. Ethanol
was added to 25% (v/v), and the precipitate was discarded after
centrifugation. The supernatant was adjusted to 75% (v/v) eth-
anol at room temperature, and the resulting precipitate was
retained. After washing twice with 75% room temperature eth-
anol, the pellet was dried with a stream of nitrogen and resus-
pended in 20 ml of 50 mm Tris, pH 7.5, and 0.05% NaN,. In this
way, 2—3 g of crude carbohydrate was obtained from 50 to 100 g
of wet cells.

Polysaccharide Purification—Crude polysaccharides were
initially separated on a size exclusion chromatography (SEC)
Sephacryl S-400 column (16/60 and 26/100 columns in series)
equilibrated with 50 mm Tris, pH 7.5, 100 mm NaCl with 0.5
ml/min flow rate. Fractions were monitored by UV absorption
at 214, 254, and 280 nm, by native PAGE with Stains-All detec-
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tion reagent and with colorimetric assays to detect the presence
of carbohydrates (anthrone (28) and deoxy-sugar (29)). 2-Fold
diluted individual SEC pools were subjected to anion exchange
column chromatography (AEC) with two 5-ml HiTrap Q HP in
series equilibrated with 25 mm Tris, 50 mm NaCl. Carbohy-
drates were eluted with a 1 m NaCl gradient spanning 10-15
column volumes. Fractions with carbohydrate activity were
pooled, concentrated with 7-kDa MWCO spin filters (PALL
Corp.), dialyzed against water, and freeze-dried prior to bio-
chemical analysis.

Carrier Protein Conjugation—CRM, o, carrier protein conju-
gates of purified polysaccharides were prepared via the activa-
tion of carbohydrate hydroxyl groups using the cyanylating re-
agent 1-cyano-4-dimethylamino-pyridinium tetrafluoroborate
(30). 1-Cyano-4-dimethylamino-pyridinium tetrafluoroborate
(50 pl at 100 mg/ml in acetonitrile) was added to a solution of
the antigen (500 wl of 10 mg/ml polysaccharide in water), and
the resulting solution was mixed by vortexing for 30 s. Subse-
quently, 50 ul of a 0.2 M triethylamine solution was added, and
reaction mixture was mixed gently for 2 min. CRM,, (1 ml of 5
mg/ml in 200 mm HEPES buffer, pH 8.8) was introduced, and
the mixture was stirred for 16 h at room temperature with a
magnetic stir bar. The reaction mixture was then transferred to
a centrifuge filter with 100-kDa MWCO (Millipore) and spun at
2000 rpm for 1-2 h to remove low molecular weight species. A
30-kDa MWCO was used for conjugations with nonlipidated
teichoic acid to avoid loss of conjugate. The retentate was
washed three times with 4 ml of sterile PBS. The final retentate
was further chromatographed by size exclusion chromatogra-
phy (as above) to remove free carrier protein and unconjugated
polysaccharide from conjugate. Fractions were monitored by
absorption at 280 nm. Fractions corresponding to the conjugate
(positive for the presence of both protein and polysaccharide)
were pooled, and the conjugate was characterized by the deter-
mination of the carbohydrate and protein content using
anthrone (28) and Lowry (31) colorimetric assays, respectively.

Carbohydrate Structural Analysis—Structural determina-
tion of carbohydrate samples involved "H NMR and two-di-
mensional NMR analysis (DQCOSY, TOCSY, NOESY/ROESY,
and "H/**C HSQC) and GC-MS. The molecular weight of each
purified polysaccharide was determined by SEC-MALLS. NMR
experiments were carried out on a Varian INOVA 500 MHz
(*H) spectrometer with a 3-mm gradient probe at 25°C or
higher temperature as indicated in the text. Polysaccharide
samples were dissolved in 99.8% D, O, and chemical shifts were
referenced to an internal acetone reference (2.23 ppm for "H
and 31.45 ppm for 'C). All two-dimensional experiments were
performed using standard pulse sequences, DQCOSY, TOCSY
(mixing time = 120 ms), ROESY (mixing time = 500 ms), and
'H-'*C HSQC/HMBC (long range relay transfer delay = 100
ms). Monosaccharide composition was determined by GC-MS
of alditol acetate derivatives (32). Samples were methylated by
the Ciucanu and Kerek procedure (33). After hydrolysis, the
partially methylated monosaccharide derivatives were con-
verted to the corresponding alditol acetates and analyzed by
GC-MS with ion-trap MS detector (Varian Saturn 2000). To
prepare acetylated 2-butyl glycosides, samples were treated
with 1 M HCl in (R)-2-BuOH (90 °C, 2 h), dried with air stream,
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and acetylated. For the identification of the absolute configura-
tion of altruronic acid, OS1 was treated with 1 M HCl/MeOH
(90 °C, 2 h) to obtain methyl ester and reduced with NaBH, in
water (2 h, 30 °C), where the excess NaBH, was quenched with
4 M HCI. The boric acid by-product was evaporated with meth-
anol twice, and the residue was treated with (R)-2-BuOH-AcCl
(10:1) for 3h at 90 °C, dried, acetylated, and analyzed by GC-MS
(Varian Saturn 2000 ion-trap instrument, capillary column
DB-17, 160-260 °C by 4 °/min). Weight-average molecular
weight ("M,,) of the polysaccharide samples were determined
by in-line SEC-RI-UV-MALLS analysis. The polysaccharide
samples were separated on a TOSOH TSKgel GMPWxI mixed-
bed analytical size exclusion column (7.8 X 300 mm) and eluted
with a 150 mm NaCl, 100 mm sodium phosphate, 0.1 mm EDTA,
pH 6.7, mobile phase using an Agilent 1200 HPLC with an iso-
cratic pump at a flow rate of 0.8 ml/min. The eluent was
detected with in-line UV light (280 nm), MALLS (Wyatt
HELEOS 18-angle MALLS detector with laser wavelength at
658 nm), and RI (Wyatt OptiLab Rex) detectors. Data analysis
was performed using the Wyatt ASTRA version 5.1 software,
and a dn/dc value of 0.154 ml/g was used for all polysaccharide
samples.

Peptidoglycan Quantitation—The peptidoglycan levels in
purified polysaccharides were determined by HPAEC-PAD
analysis using the E. coli peptidoglycan (InvivoGen, San Diego)
as the standard, the concentration of which was determined by
HPAEC-PAD (using commercially available muramic acid as
reference) and SEC-RI analysis. The percent of peptidoglycan
in polysaccharide (w/w) was calculated. The analysis was per-
formed as follows: E. faecium polysaccharide samples (100 ug)
and reference standard in the linear molar range 0.2 to 1.4 nmol
of peptidoglycan after injection were hydrolyzed in 400 wl of 4 N
HCI, for 24 h at 100 °C. Hydrolyzed samples and standards were
evaporated to dryness using Speedvac (Thermo Scientific) and
reconstituted in 250 ul of high purity water. Chromatography
of the samples (25 ul injection) was performed using a Dionex
ICS3000 system with automatic autosampler and a CarboPac
PA 1 (4 X 250 mm) analytical column and guard column (4 X
50 mm) (Sunnyvale, CA). Analyses were carried out as de-
scribed previously (34).

IgG ELISA—Indirect ELISAs were used to measure serum
IgG levels in response to vaccination. For Pf1, Pf2, and Pf4 anti-
gens, 5 ug/ml unconjugated polysaccharide was applied in pH
10.0 bicarbonate coating buffer to high binding microtiter
plates (Maxisorp, NUNC). For ELISAs measuring Pf3 LTA
serum titers, 1 pg/ml antigen was combined with 1 ug/ml
methylated human serum albumin for microplate coating to
improve binding. After blocking with 1% BSA in PBS, micro-
plates were incubated for 1 h room temperature with serially
diluted sera from animals sampled at day 0 and at post-vacci-
nation test bleed time points. Plates were subsequently pro-
cessed according to a commercial peroxidase-based ELISA kit
(KPL, Gaithersburg, MD).

Polyclonal Antibodies—Rabbits were prescreened prior to
vaccination to exclude those showing detectable anti-LTA
ELISA titers at serum dilutions of 1:100 or greater in assays
using microplates coated with 1 ug/ml commercial E. faecalis
LTA (Sigma) and 1 pg/ml methylated human serum albumin.
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Polysaccharide Conjugate-specific Rabbit Antibodies—Groups of
3—4 rabbits were vaccinated i.m. with 25 ug of conjugated poly-
saccharide (based on polysaccharide) and 75 ug (75 ISCO units)
of Iscomatrix adjuvant (CSL Biotherapies Inc.) at weeks 0, 6,
and 8. Sera were sampled from each rabbit prior to vaccination
(week 0) and at the post-dose three time point (week 10). The
CRM,,, glycoconjugates elicited robust ELISA responses with
IgG end point titers for all vaccinated rabbit sera exceeding
10,000 at week 10. ELISA responses of the matched preimmune
week 0 sera were negligible.

Nonconjugated Polysaccharide Antibodies—The vaccination
schedule for the Pf3 LTA antigen, adapted from a previously
described procedure (20), involved subcutaneous injections of
100 ug with 100 g of Iscomatrix adjuvant at weeks 0 and 1,
followed by three weekly i.v. injections of 10 ug (minus adju-
vant) during weeks 2—4. Sera were sampled from each rabbit
before vaccination (week 0) and after the final vaccination
(week 5). ELISA IgG end point titer responses for all four vac-
cinated rabbits at week 5 were ~10,000. Studies were carried
out in accordance with established guidelines and protocols
and were reviewed and approved by Pfizer Institutional Animal
Care and Use Committee.

Mouse Passive Protection Model—The animal model was
performed as described previously (35). In brief, 6 — 8-week-old
female BALB/c mice (Charles River Laboratories Germany
GmbH) were immunized intraperitoneally with either 200 ul of
normal rabbit serum (NRS) or test sera. Immunizations were
done 48 and 24 h before the bacterial challenge. Mice were
infected intravenously with 7.0 X 10° CFUs of E. faecium Tx16
via the tail vein and sacrificed 24 h after challenge; colony
counts in liver and kidney were determined. Statistical signifi-
cance was determined by nonparametric Kruskal-Wallis test
with Dunn’s post-test using Graphpad Prism (version 5.0); p
values =0.05 were considered statistically significant. Experi-
ments were performed in compliance with the German animal
protection law (TierSchG). The mice were housed and handled
in accordance with good animal practice as defined by FELASA
and the national animal welfare body GV-SOLAS. The animal
welfare committees of the University of Freiburg (Regier-
ungsprasidium Freiburg Az 35/9185.81/G-07/15) approved the
animal experiments.

Immunofluorescence and Flow Cytometry—Polysaccharide-
specific immune rabbit antisera and matched pre-bleed control
sera were used as primary antibodies to assess surface expres-
sion of polysaccharides by flow cytometry. Overnight bacterial
cultures were washed in 1X PBS (Life Technologies, Inc.) and
killed by heating (1 h 60 °C). Cells were then blocked with 1%
BSA in PBS (1 h room temperature) and incubated with pri-
mary rabbit antibody (1 h room temperature). After washing,
this was followed by incubation with phycoerythrin-conjugated
goat anti-rabbit IgG (Jackson ImmunoResearch) for fluores-
cence detection. The bacterial cells were fixed with 1% parafor-
maldehyde and analyzed with an Accuri C6 flow cytometer (BD
Biosciences). The mean fluorescence intensity (MFI) of the
phycoerythrin channel was determined for each sample (count-
ing 20,000 events). E. faecium strains were tested in batches of
~15X strains each, with Tx16 included as an internal control.
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FIGURE 1. Size exclusion chromatography profile of E. faecium Tx16 extracellular polysaccharides. Pools corresponding to the major anthrone activity
peaks from which individual Pf1 to Pf4 polysaccharides were purified are indicated. mAU, one-thousandth of an absorbance unit.

Opsonophagocytic Assays—Pre-frozen bacterial stocks of
Tx16 were grown in the same fermentation media as used for
polysaccharide purification (Columbia broth supplemented
with 2% dextrose, cultured without aeration at 37 °C). Cells
were pelleted and suspended to a concentration of 1 Ag,
unit/ml in PBS supplemented with 20% glycerol and frozen.
Pretitered thawed bacteria were diluted to 1 X 10> CFU/ml in
OPA bulffer (Hanks’ balanced salt solution (Life Technologies,
Inc.), 0.1% gelatin, 1 mm MgCl,, 2.5 mm CaCl,) and 10 ul (10?
CFU) opsonized with 10 ul of serially diluted sera for 1 hat4 °C
in a U-bottomed tissue culture microplate. Subsequently, 10 ul
of 10% complement (baby rabbit serum, Pel-Freez 31061-3) and
20 wl of HL-60 cells (0.5 X 10”/ml) were added to each well, and
the mixture was shaken at 350 rpm (ThermoFisher MaxQ2000)
for 1 h at 37°C in a 5% CO, incubator. 10 ul of each 50-ul
reaction was transferred into the corresponding wells of a
prewetted Millipore MultiScreenHTS HYV filter plate contain-
ing 200 ul of water. After vacuum filtering the liquid, 150 ul of
Columbia broth (with 2% glucose) was applied and filtered and
plate incubated overnight at 37 °C. The next day, the colonies
were enumerated after staining with Coomassie dye using an
ImmunoSpot® analyzer and ImmunoCapture software. To
establish the specificity of OPA activity, immune sera were pre-
incubated with 20 pg/ml purified antigen prior to the opsoniza-
tion step. The OPA includes control reactions without HL60
cells or complement, to demonstrate dependence of any ob-
served killing on these components.

Bioinformatic Analysis—Strain E0155 was sequenced using
both Ion Torrent (Life Technologies, Inc.) and MiSeq benchtop
sequencer (Illumina). FASTQ sequence read files were im-
ported into CLC Genomic Workbench to run de novo assembly
workflow. The assembled contigs were then exported as
FASTA format. 17 E. faecium genome sequences (1 complete,
16 draft) were collected from the NCBI GenBank database.
Tx16 strain orthologues of Campylobacter jejuni legionaminic
acid biosynthetic genes (36) were identified using BLAST
searches (with e-values <10~ 3°). The presence of this configu-
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ration of genes in other E. faecium strains was queried by load-
ing the genomes in FASTA format into BIGSdb (Bacterial
Isolate Genome Sequence Database (37)) and running a
BLAST scan for all genes located between the M24 amino-
peptidase and galE anchor genes that flank this 35-kb region
of the Tx16 genome (22). After extracting related gene
sequences, any structural (gene content) change was visual-
ized by pairwise alignment against the TX16 genome using
MultiPipMaker (38).

Results

Purification of Polysaccharides—Extracellular polysaccha-
rides were isolated from E. faecium Tx16 bacterial cells as
described under “Experimental Procedures.” Cells were di-
gested with mutanolysin and lysozyme to release cell wall-asso-
ciated polysaccharides, and the soluble fraction was treated
with nucleases and protease to degrade nucleic acids and pro-
teins. Crude carbohydrate was concentrated by ethanol precip-
itation prior to fractionation by SEC. SEC fractions were con-
solidated into five major pools according to the major peaks of
anthrone carbohydrate activity (Fig. 1). Four distinct polysac-
charides designated Pf1 to Pf4 were subsequently identified and
purified from these pools by AEC.

Pfl Polysaccharide (a Fructose Homopolymer)—Pf1 had the
highest molecular mass of the polysaccharides characterized
and eluted as a single peak near the SEC void volume (poo! 1,
Fig. 1). '"H NMR spectrum contained no anomeric signals but
showed multiple signals between 3.5 and 4.3 ppm. Analysis of the
two-dimensional NMR data (Table 1 and supplemental Fig. S1)
indicated regular structure of a levan-like polymer with the
—6-B-D-Fruf-2-repeating unit. The linkage type was deter-
mined by comparison of the NMR spectra with published
data for various fructose polymers of Bacillus species iso-
lated from cloud water (39). In addition to the major series,
the spectra contained minor signals of fructose of undefined
origin, possibly ends of chain or different substitution type.
GC analysis of the alditol acetates was consistent with the
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levan determination, as glucose and mannose derivatives
were observed in equal amounts (the reduction of the C2
carbonyl group of fructose after hydrolysis produces manni-
tol and glucitol).

Pf2 Polysaccharide (an Altruronic Acid-containing Hetero-
glycan)—The Pf2 polysaccharide was purified from SEC pool 3
(Fig. 1) by AEC. The Pf2-containing anthrone positive peak
eluted from the AEC column with 0.22 M NaCl (data not
shown). The sample was concentrated and desalted on Sepha-
dex G-15 prior to NMR analysis. GC analysis of the alditol ace-
tates showed the presence of fucose and glucose in the ratio of
3:2. A set of two-dimensional NMR spectra of the phosphati-
dylserine (DQCOSY, TOCSY, NOESY/ROESY, and 'H/**C
HSQC) was recorded and assigned (Table 2; Fig. 24, and
supplemental Fig. S2). Spectra contained spin systems of six
monosaccharides. Three fucose and two glucose residues and a
monosaccharide with TOCSY signal pattern and vicinal H-H
coupling constants typical for B-galacturonic acid in pyranose
form were identified. However, an attempt to determine abso-
lute configuration by GC-MS of acetylated glycosides/esters
with optically pure 2-butanol yielded no derivatives of galactu-
ronic acid. In addition, **C NMR data of this monosaccharide
were not consistent with the expected values of 3-galacturonic
acid. Also, no NOE correlation between H-1 and H-5, which is
typical for B-Galp, was observed. This situation pointed to the
presence of a-L-altruronic acid in 'C, conformation, which has
H-1,2,3,4 orientation as in 3-Gal and equatorial H-5, resulting
in the absence of NOE between H-1 and H-5. To further con-
firm the tentative identification of a-L-altruronic acid, a partial
hydrolysis of Pf2 was performed (0.5 M TFA, 90 °C, 2 h) to yield
an acidic disaccharide (OS1), which was isolated by anion
exchange chromatography and gel chromatography on Sepha-
dex G-15. The purified OS1 generated a clean, completely
interpretable '"H NMR spectrum (Fig. 2B and Table 2). Full
assignment of one- and two-dimensional NMR spectra con-
firmed that the uronic acid had «a-altro-configuration, being in
good agreement with published data (40).

Connections between monosaccharides in Pf2 were identi-
fied on the basis of NOE correlations (A1:B1,2; B1:E3; C1:B3;
D1:F4; and F1:C3) and **C chemical shifts. Absolute configura-

TABLE 1

Pf1 (levan) "H and "3C assignments (ppm) at 25 °C (600 MHz)

The acetone reference is 2.23/31.45 ppm.

H/C-1 H/C-2 H/C-3 H/C-4 H/C-5 H/C-6
Fru 3.67;3.77/61.2 /105.5 4.19/77.5 4.10/76.4 3.95/81.5 3.56; 3.90/64.6

Residue

TABLE 2

tions of L-fucose and p-glucose were determined by GC analysis
of the acetylated 2-butyl glycosides prepared with optically
pure isomers of 2-butanol. For the determination of the abso-
lute configuration of altruronic acid, OS1 was treated with HCl/
MeOH, and the methyl ester was reduced with NaBH,,. Result-
ing altrose was treated with (R)-2-BuOH and acetylated (see
under “Experimental Procedures”). GC analysis of the product
showed that it was identical to the standard prepared from p-al-
trose and (S)-2-BuOH and differed from the derivative ob-
tained with (R)-2-BuOH, indicating L-configuration of the
altruronic acid (Fig. 2C).

Methylation analysis of the Pf2 (GC of partially methylated
alditol acetates) (33) showed the presence of 3-, 4-, and 2,3-
substituted fucose residues, terminal and 4-substituted glucose
residues, in agreement with NMR data. High orifice voltage
ESI mass spectra of the polysaccharide confirmed its struc-
ture, containing a prominent peak at 937.7 atomic mass units
(negative mode) or 939.7 atomic mass units (positive mode),
which corresponded to the proposed repeating unit minus
one H,O (calculated exact mass 938.3 atomic mass units)
(Fig. 3). Other peaks corresponded to addition or loss of
hexose (162 Da) or 6-deoxyhexose (146 Da) residues. The
level of residual peptidoglycan in the Pf2 sample, resulting
presumably from incomplete enzyme cleavage, was deter-
mined by HPAEC-PAD analysis of muramic acid to be ~4%
by mass.

Pf3 Polysaccharide (a Glucosylated Lipoteichoic Acid)—The
Pf3 polysaccharide was identified in SEC pools 1 and 2 of the
fractionated crude polysaccharide extract from strain Tx16
(Fig. 1). The Pf3 eluted from the AEC column at 0.58 m NaCl
and fractions showed very weak reactivities in the anthrone
carbohydrate detection assay. Because the "H NMR spectra of
polysaccharides eluted from AEC with 0.58 M NaCl of SEC pool
1 and 2 were identical, these were combined, desalted on Sep-
hadex G-15, and called Pf3. A set of two-dimensional NMR
spectra (DQCOSY, TOCSY, ROESY, 'H/*'P HMQC, and
"H/"™C HSQC) was recorded and assigned (Table 3 and
supplemental Fig. S3). Spectra contained spin systems of three
monosaccharides, all a-Glcp, and phosphorylated glycerol.
Structures of the four discrete teichoic acid forms representing
the glycerol phosphate backbone with or without mono- and
disaccharide substitutions and terminal Gro-1P units are
shown in Fig. 3. Lipid signals were present (broad peak around
1 ppm in 'H spectrum), suggesting that the carbohydrate is a
cell membrane-anchored LTA. The lipid part was not analyzed

Pf2 polysaccharide (PS) and oligosaccharide (OS) 'H and '3C assignments (ppm) at 32 °C (D,0, 600 MHz)

NA indicates not applicable; ND indicates not detected.

Residue H/C-1 H/C-2 H/C-3 H/C-4 H/C-5 H/C-6a;b

A a-Glc 5.27/100.3 3.51/72.8 3.69/74.4 3.38/70.7 3.76/73.5 3.75; 3.85/61.8
B a-Fuc 5.23/100.8 4.21/71.4 4.24/73.4 4.15/67.8 4.18/68.0 1.27/16.5

C a-Fuc 5.22/93.8 3.98/67.3 4.17/77.8 4.00/70.4 4.37/68.1 1.24/16.5

D a-Fuc PS 4.98/100.9 3.84/69.9 3.86/69.9 4.11/81.1 4.46/68.5 1.28/16.5

D a-Fuc OS1 5.24/93.3 3.79/69.7 3.88/69.5 4.08/81.0 4.29/67.6 1.29/16.6

D B-Fuc OS1 4.62/97.2 3.46/73.2 3.67/73.1 4.02/80.1 3.89/71.9 1.32/16.7

E a-1-AltA PS 4.82/102.6 3.90/71.5 3.73/77.3 4.51/70.7 4.57/78.3 NA/ND

E a-L-AltA OS1 4.79/102.3 3.73/71.5 3.66/71.1 4.36/70.6 4.50/77.8 NA/ND

J,Hz J127 J343 Jas3
F B-Glc 4.60/100.1 3.40/74.5 3.63/75.5 3.56/78.3 3.56/76.7 3.83;3.95/61.2
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FIGURE 2. Structural analysis of altruronic acid heteroglycan (Pf2). A,'"H NMR spectrum peaks around 2 ppm are acetone (internal standard) and acetic acid
(from column buffer) B,'"H NMR spectrum of the OS1 derivative. C, GC traces of acetylated 2-butyl glycosides derived from OS1 and p-altrose standard

establishing L-configuration of altruronic acid.

further. The nonglycosylated form is prominent (Grol) and
present in approximately equal proportions to the glycosylated
forms (Gro2 + Gro3). Mono- and disaccharide-modified forms
were present in equal proportions (Gro2 = Gro3). Connections
between monosaccharides were identified on the basis of NOE
correlations (A1:Gro3-2; B1:Gro2-2; and C1:A1,2) and 3C
chemical shifts. 'H->'P HMQC showed correlations between
glycerol H-1 and H-3 with *>'P at 0.4 ppm (data not shown). The
overall structure of the glucosylated LTA matches that of de-
alanylated LTA purified from E. faecalis (41). The presence of
this LTA in high molecular weight SEC fractions presumably
reflects its micellar nature. SDS-PAGE analysis confirmed that
Pf3 migrates as a low molecular weight compound in the pres-
ence of SDS detergent. Compounds of identical structure lack-
ing lipid tail were purified by AEC from SEC pools 4 and 5. As
they lack detectable amino sugars associated with wall teichoic
acids (42), we speculate that these may have arisen through
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lipase cleavage during processing of the bacteria. The lipidated
and nonlipidated teichoic acids were designated Pf3(LTA) and
Pf3(TA), respectively.

Pf4 Polysaccharide (a Legionaminic Acid-containing Hetero-
glycan)—A second novel polysaccharide designated Pf4 was
recovered from Tx16 SEC pool 4 (Fig. 1), eluting from AEC with
0.2 M NaCl. Samples were heterogeneous, containing a pre-
dominant heteroglycan with small amounts of rhamnan and
peptide contaminants. As it was not possible to purify them
further by anion exchanger (retained) and Sephadex G-50
(eluted with void volume), these contaminants were most likely
covalently linked to the primary polysaccharide. HPAEC-PAD
analysis determined the molar ratio of Rha (from minor poly-
mer contaminant) to Gal (from Pf4) to be ~1:3. Absolute con-
figurations of Glc, Gal, and GalN were determined by GC of
acetylated 2-butanol derivatives and found to be all p (data not
shown).
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FIGURE 3. Structures of Pf1 to Pf4 polysaccharides (PS) and derived oligosaccharides (0S).

TABLE 3
Pf3 (LTA) 'H and 3C assignments (D,O, 28 °C, 600 MHz)

Data are collected from de-alanylated LTA (no p-alanine substitution at C2 of glycerol residues) as shown in the structures in Fig. 3.

Residue H/C-1 H/C-2 H/C-3 H/C-4 H/C-5 H/C-6a;b
A a-Glc 5.46/95.9 3.69/75.4 3.89/72.4 3.48/70.6 3.96/73.0 3.78-3.89/61.7
B a-Glc 5.19/99.0 3.54/72.7 3.77/74.2 3.42/70.8 3.94/73.0 3.78-3.89/61.7
C a-Glc 5.18/96.6 3.59/72.4 3.82/73.7 3.46/70.6 3.92/73.0 3.78-3.89/61.7
Grol 3.93/67.6 4.07/70.5 4.00/67.6
Gro2 4.05/65.9% 4.14/76.5 4.05/66.4%
Gro3 4.05/65.9* 4.22/76.1 4.05/66.4"
Gro4 (terminal Gro-1P) 3.89;3.94/67.6 3.92/71.9 3.62;3.68/63.2

“ These signals can be interchanged.

NMR analysis of the sample and derived fragments led to a
heteroheptameric branched structure, where the side chain
GlcA and -B were linked to the residues H and D (Table 4 and
Figs. 3 and 4). Side chain glucose residues A and B were not
present on all repeating units (both residues A and B are
present in about 50% of the repeats, A:B ~1:1); thus spectra
also contained signals of monosubstituted residues H' and D'.
Residue H was identified as di-N-acetyl-legionaminic acid (Leg,
5,7-diacetamido-3,5,7,9-tetradeoxy-Dp-glycero-b-galacto-nonu-
losonic acid) based on NMR data. It had nine carbon chains
with deoxy carbons at C-3 and C-9 and amino groups at C-5
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and C-7 (identified by chemical shift of C-5 and C-7 around 54
ppm), typical for bacterial nonulosonic acids. It had the config-
uration of Leg (same as sialic acid) with H-34,4,5,6 in an axial
orientation, as deduced from large coupling constants, ~10 Hz.
Configurations of C-7 and C-8 were inferred from 'H and '*C
NMR shifts of H/C 7-9, which are similar to the values
described for the bp-glycero-p-galacto-isomer (43). Amino
groups were acetylated as indicated by the presence of the NMR
signals of two N-acetyl groups.

Partial acid hydrolysis of Pf4 with 0.5 M TFA (90 °C, 1.5 h)
produced a mixture of the oligosaccharides resulting from the
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TABLE 4
Pf4 polysaccharide "H and "3C assignments (D,0, 40 °C, 600 MHz)

Pf4 is heterogeneous and can be partially nonglucosylated at residue H (a-Leg) or residue D (3-Glc). NA indicates not applicable; ND indicates not determined.

Residue H/C-1 H/C-2 H/C-3(a,e) H/C-4 H/C-5 H/C-6a;b H/C-7 H/C-8 H/C-9
A a-Glc 5.28/97.9 3.52/72.8 3.76/74.1 3.45/70.5  4.00/72.9  3.77;3.83/61.7 NA NA NA
B a-Glc 5.06/95.7 3.50/72.5 3.55/73.4 3.41/70.5 3.52/74.3 3.76;3.84/61.7 NA NA NA
C a-Gal 5.00/99.4 3.85/69.4 3.89/70.5 4.05/70.4  4.09/70.9  3.84;4.07/70.0 NA NA NA
D B-Glc 4.70/104.1 3.51/77.0 3.56/75.9 3.54/70.6  3.64/752  3.76;3.98/67.1 NA NA NA
D’ B-Glc 4.50/105.7 3.30/74.0 3.46/76.9 3.53/70.5 3.61/75.2  3.753.99/67.0  NA NA NA
E B-GalNAc 4.58;4.61/103.0;102.8 3.89;3.88/52.7 3.88/81.4 4.13/69.1 3.67/75.6  3.76;3.82/62.1 NA NA NA
G B-Gal 4.44/104.4 3.52/72.0 3.65/73.7 3.94/69.7  3.78/74.5 3.65;3.90/64.7 NA NA NA
H a-Leg NA/ND NA/ND 1.79;2.89/41.1 3.72/77.7  3.79/51.8  41.5/73.6 3.97/54.3 3.94/73.2 1.35/15.7
H' a-Leg NA/ND NA/ND 1.79;2.89/41.1 3.72/77.7  3.75/51.9  4.04/75.0 3.90/54.4  4.01/69.8 1.26/19.7
H B-Leg OS2 NA/ND NA /96.7 1.87;2.30/40.6  3.94/68.3 3.75/54.0  4.14/71.5 4.03/53.8 3.86/73.0 1.20/15.6
B a-Glc OS2 5.02/95.7 3.49/72.4 3.54/73.3 3.40/70.5 3.51/74.2  3.75;3.83/61.7 NA NA NA
ppm H9
R
- -
20 .- = e
<o
304 .
40 - - -
H3eq H3ax
504 TR
- - ~—

100 ®

T T T T
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3.0 2.5 2.0 15 ppm

FIGURE 4. "H-"3C HSQC spectrum of the legionaminic acid heteroglycan (PF4). Some major signals not related to the described polysaccharide structure are

marked by boxes.

complete cleavage of Leg (H) and B-GlcNAc (E) glycosidic link-
ages and partial cleavage of the Gal linkage. A higher molec-
ular mass peak in the gel chromatographic separation of hy-
drolysis products was attributed to peptidoglycan fragments.
The level of peptidoglycan contamination in the Pf4 sample
was determined independently by HPAEC-PAD analysis of
muramic acid to be ~9% by mass. The rhamnan was not recov-
ered and was probably completely depolymerized under these
conditions. Oligosaccharides were separated by anion ex-
change chromatography to give a neutral mixture of oligosac-
charides (OS1) and acidic disaccharides (OS2). OS1 was heter-
ogeneous due to partial substitution with Glc (A) and Gal (G)
(Gal (G) was partially lost due to hydrolysis). NMR spectra of
the OS1 were in agreement with the major product expected
from partial acid hydrolysis (data not shown). ESI MS (negative
mode) of OS1 showed peaks of Hex2HexNAc1 (m/z 544.6),
Hex3HexNAcl (m/z 706.7), and Hex4HexNAcl (m/z 868.8).
NMR data for Pf4 OS2 are included in Table 4. Negative mode
ESI MS of OS2 contained main peak at m/z 495.4 (calculated
molecular mass 496.19).
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The sequence of monosaccharides in the repeating unit was
established from NOE and HMBC data as follows: correlations
A1:D1,2; B1:H8, C1:D6; D1:E3; E1:H4 were observed. Linkage
of the Leg (H) residue to Gly-6 was based on the downfield shift
of C-6 of G (64.7 ppm), which returned to a nonsubstituted
position in OS1 (62 ppm). Structures of the repeat unit and
0S1/082 oligosaccharides are shown in Fig. 3.

Evaluation of Tx16 Polysaccharides as Vaccine Antigens—
Rabbits were vaccinated with CRM, 4, carrier protein conju-
gates of the Pfl, Pf2, Pf3(TA), and Pf4 polysaccharides, as well
as unconjugated Pf3(LTA), to determine whether these anti-
gens could induce a protective immune response. Sera from
rabbits with the highest polysaccharide antigen-specific ELISA
antibody titers were tested in OPAs with HL60 (neutrophil-like
promyelocyte) cells and baby rabbit serum as source of comple-
ment (Fig. 5). E. faecium Tx16 was highly susceptible to killing
in OPA by the Pf2-CRM, ,, antisera (Fig. 54). The killing was
antigen-specific as opsonic activity was not observed with pre-
immune sera from the same rabbit, and the OPA activity could
be completely blocked by preincubating the immune sera with
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FIGURE 5. Susceptibility of E. faecium Tx16 to opsonophagocytic killing by antibodies to polysaccharide antigens Pf2 to Pf4. Preincubation of antisera
with 20 ug/ml unconjugated antigen was used to test specificity. A, Tx16 and Pf2-CRM, o, antisera. B, Tx16 and Pf3(TA)-CRM, 5, or Pf3(LTA) antisera. C, Tx16 and

Pf4-CRM, 5, antisera.

purified unconjugated polysaccharide. The Pf3(TA)-CRM,,,
and Pf4-CRM,,, antisera also killed this strain in an antigen-
specific manner but were less potent than the Pf2-CRM, o, anti-
sera (Fig. 5, B and C). In contrast, the Pf1-CRM,,, immune
antisera (data not shown) and Pf3(LTA) antisera (Fig. 5B) were
unable to kill Tx16 in the OPA.

The ability of a subset of the antisera to protect against E.
faecium in vivo was tested in a mouse passive protection model.
Mice were injected with rabbit sera prior to challenge with
Tx16 bacteria. Mice were sacrificed 24 h later, and cfu counts
were determined in homogenized kidney or liver tissue. Com-
pared with unvaccinated normal rabbit sera (NRS), immune
sera elicited by Pf2-CRM,,,, Pf3(LTA), or Pf4-CRM,,, anti-
gens significantly reduced cfus in disseminated Tx16 infections
by =100-fold in kidneys and =50-fold in liver tissue (Fig. 6).

Immunodetection of Antigens in Invasive Disease Isolates—
For comparative analysis of antigen presentation on E. faecium
clinical strains, we used flow cytometry with Pf1-Pf4 immune
sera to measure the binding of specific antibodies to whole bac-
teria. A collection of 18 E. faecium reference strains (including
E. faecium Tx16) that had previously been characterized by
genome sequencing were evaluated first (Table 5) (44, 45).
These strains include isolates from a variety of clinical sources
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as well as carriage strains from healthy donors. The antigen
expression level was reported as the ratio of MFI obtained with
postimmune serum to that of matched preimmune control
serum at 1:500 serum dilution. MFI values of greater than 3-fold
above preimmune serum background were considered positive.
The most commonly expressed antigen detected on 17/18
(95%) of the E. faecium strains was Pf3(LTA). As expected from
its common structure (41), a cross-reacting LTA antigen was
also detected on E. faecalis control strain FA2-2 (46), which
exhibited a 6-fold higher MFI signal with postimmune sera than
with preimmune control sera (Table 5). Pf2 sera reacted with 7
of the 18 E. faecium (42%) and Pf4 sera with 8 of the 18 (44)
strains, but neither sera bound to the E. faecalis strain. In con-
trast, Pf1 antiserum failed to show binding activity above base-
line levels with any of these strains.

Next, we evaluated the reactivity of Pf2, Pf3, and Pf4 antisera
against a globally sourced collection of 101 E. faecium clinical
blood isolates from 2009 to 2010, obtained from the multi-
center Tigecycline Evaluation and Surveillance Trial (T.E.S.T.)
(Fig. 7A, supplemental Table S1). The Pfl antisera were not
investigated further due to the low level of reactivity observed
with the reference strains and its lack of OPA activity against
Tx16. MLST analysis of the T.E.S.T. isolates showed they are
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FIGURE 6. Protective activity of Pf2 to Pf4 immune sera in passive protection infection model. Passive immunization with anti Pf2-CRM, o, Pf3(LTA), and
Pf4-CRM, ,, sera promotes clearance of E. faecium Tx16 in kidneys (A) and livers (B) of mice in comparison with normal rabbit serum (NRS). 24 h after challenge,
mice were sacrificed, and organs were aseptically removed to assess viable counts. Statistical analysis was done by Kruskal Wallis test and Dunn'’s post-test;
horizontal bars represent geometric means, and statistical significance is denoted with asterisk (*, p < 0.1; **, p < 0.01).

TABLE 5
E. faecium reference strains and Tx16 antigen antisera reactivity
MFI ratio
(immune/preimmune sera) Leg IGCF
Strain Source Date MLST ST“ VRE? Ref. Pfl Pf2 Pf3 Pf4 orthologues?
E0155 Fecal (hospital) 1995 17 (17) Yes 26 2 30 6 106 Yes
E0980 Fecal (community) 1998 94 45 3 25 8 100 Yes
E1039 Fecal (community) 1998 42 45 1 1 11 2
E1071 Fecal (hospital) 2000 32 Yes 45 2 2 16 5
E1162 Clinical (blood) 1997 17 (17) 45 2 1 7 3
E1636 Clinical (blood) 1961 106 45 1 1 6 1
E1679 Clinical (catheter) 1998 114 Yes 45 2 1 13 1
U0317 Clinical (urine) 2005 78 (78) 45 2 6 11 5 Yes
1,231,502 Clinical (blood) 2005 203 (78) Yes 44 3 14 21 45 Yes
1,231,410 Clinical (SSTI) 2005 17 (17) Yes 44 3 8 21 11 Yes
1,230,933 Clinical (blood) 2005 18 (18) Yes 44 3 5 21 11 Yes
1,231,501 Clinical (blood) 2005 52 44 2 1 8 1
1,231,408 Clinical (blood) 2005 582 44 3 1 26 1
1,141,733 Clinical (wound) 2005 52 44 2 1 2 1
Coml2 Fecal (community) 2006 107 44 2 1 6 1
Com15 Fecal (community) 2006 583 44 2 1 3 1
Tx16 Clinical (blood) 1992 18 (18) 22 3 19 11 13 Yes
Tx1330 Fecal (community) 1994 107 22 2 1 6 1
E. faecalis FA2-2 JH2 (plasmid-cured) =1973 8 46 1 1 6 1

“ Hospital-associated lineage is indicated in parentheses (24).

genotypically diverse and include 12 new sequence types (Fig.
7B and supplemental Table S1). Seventy five percent (18/24
total) of the United States strains in this collection were resis-
tant to vancomycin, which approximates the E. faecium VRE
prevalence of 83% reported for all bloodstream infections in
United States hospitals during 20092010 (4). The binding of
the Pf2, Pf3, and Pf4 antisera to these isolates measured by
flow cytometry (with Tx16 as control) is shown in Fig. 7, C
and D. As observed with the reference isolates, the Pf3(LTA)
antisera bound to the highest number of strains (80%). The
proportion of the T.E.S.T. strains expressing antigens react-
ing with the Pf2 and Pf4 glycoconjugate sera was substan-
tially higher than observed with the genome-sequenced ref-
erence strains as follows: 65% of strains reacted with antisera
to P2, 71% for Pf4 sera, and 63% of strains reacted with both
Pf2 and Pf4 antisera.

Identification of Legionaminic Acid Biosynthetic Genes—
Seven of the eight genome-sequenced E. faecium reference
strains that reacted with Pf4 antisera harbor orthologues of
genes leg/ GCF responsible for legionaminic acid biosynthesis in
C. jejuni (36), consistent with the presence of this rare mono-
saccharide in the Pf4 heteroglycan (Table 5 and Fig. 8). In con-
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trast, all strains not reacting with Pf4 antisera did not contain
these biosynthetic genes. These genes lie at the distal end of a
megacluster of putative carbohydrate biosynthetic genes, the
proximal half of which is related to the E. faecalis epa operon
responsible for the biosynthesis of the E. faecalis rhamnose-
containing heteroglycan (18, 22, 47). This 3'-cluster of 17 genes
is characterized by a flanking B-lactamase gene insertion that
separates the epaR gene from the core epa region and reconfig-
ures it as the most proximal member of a potential operon that
includes multiple carbohydrate and sialic acid biosynthesis
genes (Fig. 8). Legionaminic acid has the same stereochemistry
as the sialic acid 5-N-acetylneuraminic acid (Neu5NAc) but
contains instead 9-deoxy and 7-amino groups. Although previ-
ously annotated as sialic acid synthesis genes (18), our BLAST
analysis reveals that the predicted proteins are more closely
related to C. jejuni legionaminic acid biosynthetic enzymes
than to the NeuBCDA proteins responsible for sialic acid bio-
synthesis in S. agalactiae CPS (supplemental Table S2). In addi-
tion, clear orthologues of the C. jejuni LegC transaminase and
PtmF isomerase (which co-catalyzes the first step in legion-
aminic biosynthesis (36)) are present in the E. faecium cluster
but are absent from the genome of S. agalactiae.
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95% confidence intervals (error bars) are shown in red.

Discussion

E. faecium is a problem pathogen that is becoming increas-
ingly hard to treat with available antibiotics. The identification
of protective antigens is needed to facilitate vaccine-based pro-
phylactic approaches. This study provides the first structural
identification of surface polysaccharides expressed by E. fae-
cium other than teichoic acids (19, 20). A polyglucan and het-
eroglycan isolated from a VRE clinical isolate were previously
described without elucidating their structures (48). Structures,
yields, and sizes of the polysaccharides purified from the Tx16
strain are summarized in Fig. 3 and Table 6. The highest molec-
ular mass polysaccharide purified from Tx16 (Pf1) is a fructose
homopolymer known as levan with molecular mass of ~30
MDa. A glycoconjugate of this polymer failed to elicit antibod-
ies that were able to kill this strain in OPA. Pfl was recovered in
relatively low yield from in vitro grown Tx16 and was only
detected at low levels on the bacterial surface (Tables 5 and 6).
Although levan is not commonly associated with pathogenic
bacteria, it contributes to biofilm production in the plant
pathogen Erwinia amylovora (49) and was detected as an
exopolysaccharide component of the opportunistic pathogen
Burkholderia cepacia (50).

Discovery of Novel Protective Polysaccharides of E. faecium—
Although intrinsically resistant to neutrophil-mediated phago-
cytosis, the Tx16 strain can be killed by antibodies directed
against bacterial surface carbohydrate in the presence of neu-
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| for each batch of strains analyzed. Corresponding geometric mean titers and

trophils and complement (25). We identified two novel pre-
dominant surface polysaccharides from E. faecium Tx16 (Table
6) that are the likely targets of these functional antibodies. The
300-kDa altruronic acid-containing heteroglycan (Pf2) is
within the size range of native capsular polysaccharides purified
from Streptococcus pneumoniae (100 to >900 kDa) (51), and
Pf2-specific polyclonal antibodies are highly potent in OPAs
with the Tx16 strain. Antibodies specific for the 63-kDa
legionaminic containing heteroglycan (Pf4) were also func-
tional in this OPA but appeared less potent than Pf2 antibodies.
Antibodies to Pf2 and Pf4 heteroglycans were also capable of
reducing Tx16 infection in a mouse passive protection model
(Fig. 6). Surface heteroglycans have also been described in E.
faecalis species and consist of a 130-kDa capsular diheterogly-
can and smaller 50-kDa rhamnose-containing polymer of
incompletely defined structure (27, 52, 53).

The altruronic acid and legionaminic acid monosaccharides
inthePf2and Pf4 heteroglycansarerareinthe contextofpolysac-
charides described for other Gram-positive bacteria. Altru-
ronic acid was previously identified as a component of surface
lipopolysaccharide (LPS) O-antigens of the Gram-negative
bacteria Plesiomonas shigelloides (Shigella) and Proteus mira-
bilis (40, 54) and in a capsular polysaccharide of Aerococcus
viridans var. homari, a Gram-positive pathogen of marine lob-
sters (55). Legionaminic acid was first discovered as the princi-
pal component of serotype 1 O-chain LPS from Legionella
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aligned by MultiPipMaker using default settings (38). As the reference, Tx16 genes are shown at top, with individual genes represented by arrows. Genes with
homology to S. agalactiae and S. aureus CPS biosynthesis genes are labeled cpsL and capD, respectively. Orthologues of C. jejuni legionaminic acid biosynthesis
genes are labeled accordingly (supplemental Table S2) (36). The x axis denotes the location of evolutionarily conserved regions in relation to the Tx16 sequence
(22). Red regions represent areas of high sequence conservation (at least 100 bp with no gaps and >70% identity), and green represents regions where an
alignment could be made but with lower sequence conservation. White regions denote the absence of gene sequences present in Tx16. The reactivity of strains
with antisera to legionaminic acid heteroglycan Pf4 is indicated (see Table 5 for values and supplemental Table S1 for key). GenBank™ accession numbers for
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) Sialic acid biosynthesis genes

TABLE 6
Yields and identities of polysaccharides purified from E. faecium Tx16

Quantities recovered are milligrams of pure compound/g of crude polysaccharide
starting material.

Tx16 polysaccharides

Mass Yield
Antigen Identity (kDa) (mg/g)
Pf1 Levan 31,920” 2
Pf2 Altruronic acid heteroglycan 300° 20
Pf3(LTA) Glucosylated lipoteichoic acid 15° 3
Pf3(TA) Glucosylated teichoic acid 152 2
Pf4 Legionaminic acid heteroglycan 63“ 74

“ Data were determined by SEC-MALLS.
? Data were estimated by SDS-PAGE.

pneumophila (56, 57), the cause of Legionnaires’ disease. Aside
from its association with the LPS of pathogenic Gram-nega-
tive bacteria, it is also a component of glycosylated flagella
proteins of Campylobacter, Helicobacter, and Clostridium (58).
Legionaminic acid may have analogous biological functions as
the structurally similar, more common sialic acid Neu5NAc. In
the context of group B Streptococcus (S. agalactiae) capsular
polysaccharides, terminal Neu5NAc residues of the branched
repeat units mediate binding to host leukocyte lectins in a man-
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ner that is thought to mimic structurally analogous host cell
glycans (59). Another example of molecular mimicry is the
sialic acid capsular polysaccharides of Neisseria meningitidis
serogroup B and Escherichia coli K1, which are thought to sub-
vert host cellular immune responses due to structural identity
with polysialic acid chains expressed on the neural cell adhesion
molecule (60). The immunological impact of legionaminic acid
in the context of the branched heteropentameric repeat of Pf4 is
unknown, although a branched pentameric repeat of similar
composition (Gal, Glc, GalNAc, and Leg) forms the core repeat
of the LPS O-antigen of Cronobacter tuicensis (61).

Novel E. faecium Heteroglycans as Potential Virulence
Factors—The detection of Pf2 and Pf4 antigens in invasive
blood isolates at a higher rate than that observed in a collection
of genome-sequenced strains (which includes commensals)
raises the question of whether these antigens contribute to bac-
terial virulence or hospital adaptation. Consistent with this pos-
sibility, six of the seven strains in the reference set of 18 that
co-express surface antigens reacting with Pf2 and Pf4 sera are
multidrug-resistant and belong to three hospital lineages orig-
inating from sequence types 17, 18, and 78 that are associated
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with nosocomial infections (Table 5) (24). These strains include
VRE strains (E0155, E1071, 1,231502, 1,231,410, and 1,230,933)
and non-VRE strains resistant to aminoglycosides, ampicillin,
and tetracycline or ciprofloxacin (Tx16, U0317). The associa-
tion of VRE strains 1,231502, 1,231,410, and 1,230,933 with the
presence of the unique /egIGCF-containing gene cluster was
previously noted (18). Commensal strain E0980, the sole excep-
tion among the reference strains, belongs neither to these hos-
pital-associated groups nor is it multidrug-resistant (18, 22), yet
it contains the leg/GCF genes and binds to antibodies elicited by
both Pf2 and Pf4 heteroglycans.

The correlation of Pf4 antisera reactivity with the pres-
ence of the legIGCF gene cluster begs the question of
whether this region might be responsible for the biosynthe-
sis of the legionaminic acid-containing heteroglycan Pf4. Also
present in this cluster are orthologues of genes from other bac-
terial pathogens that are associated with polysaccharide chain
initiation and repeat unit formation (Fig. 8 and supplemental
Table S2). The epaR gene encodes a predicted sugar transferase
that adds galactose to the C,; lipid carrier. When used as
TBLASTN query sequences, the Tx16 open reading frames
identified orthologues of glycosyltransferases and orthologues
of CPS biosynthetic genes from S. aureus (Cap5D) and S. aga-
lactiae (CpsL). Therefore, it is tempting to speculate that the E.
faecium leg cluster may be involved in both legionaminic acid
production and Pf4 biosynthesis. If so, the association of this
locus primarily with hospital-adapted strains may be a
reflection of enhanced virulence properties conferred by this
surface polysaccharide.

Putative genetic determinants responsible for Pf2 antigen
biosynthesis have been harder to locate. A second predicted E.
Jfaecium CPS biosynthetic locus was previously identified that
contains conserved orthologues of S. pneumoniae cpsABCD
(18), a CPS phosphoregulatory system. In S. agalactiae, or-
thologous cpsABCD genes reside at the 5 end of the CPS
operon and regulate CPS polymer length and cell wall attach-
ment (62). However, the downstream region in E. faecium is
highly variable, and no obvious correlations between the pres-
ence of plausible genes and Pf2 antigen expression are evident
based on available genome sequence information. Sequencing
of additional strains may improve the ability to identify candi-
dates. Alternatively, differential gene regulation or dispersal of
genes across multiple loci may confound attempts to link phe-
notype with genotype. Ultimately, mutational analysis will be
required to unambiguously identify pathways for Pf2 and Pf4
antigen biosynthesis.

E. faecium LTA Is a Structurally Conserved, Protective
Antigen—E. faecium LTA (Pf3) was recovered from the second
SEC pool as a micellar aggregate and purified by elution from
AEC using 0.6 M NaCl. The glucosylated structure of the Tx16
Pf3 (LTA) is identical to that previously reported for the LTA of
E. faecalis strain 12030 but without the p-Ala modification (41).
Tx16 has the potential for LTA p-Ala modification as its
genome harbors a dltABCD operon that is responsible for
p-alanylation of teichoic acids in Gram-positive bacteria, in-
cluding orthologues of p-alanine-p-alanyl carrier ligase (DItA)
and p-alanine transferase (DItB) (22). Loss of labile p-Ala
groups from native Tx16 LT As occurred presumably due to the
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basic buffer conditions used for polysaccharide purification, as
we were able to purify p-alanine-modified LTAs from E. faeca-
lis and other E. faecium strains using conventional (63) butanol
extraction and acidic buffer (data not shown). Antibodies
against de-alanylated E. faecalis LT A of the same structure were
previously shown to induce functional antibodies that pro-
tected against E. faecalis and E. faecium infections after active
and passive immunization in mice (35, 41). Antibodies to Tx16
LTA were also able to protect against Tx16 infection in mice
(Fig. 6). Our results predict that this conserved enterococcal
polysaccharide has the potential for broad protective coverage
against E. faecium, given that 80% of bacteremia strains express
this antigen. We also showed that OPA titers can be signifi-
cantly enhanced through conjugation of the glucosylated (Pf3)
teichoic acid to the CRM, , carrier protein (Fig. 5B). The fea-
sibility of making a Pf3 polysaccharide conjugate has implica-
tions for vaccine design, as polysaccharide conjugates induce
B-cell memory in contrast to unconjugated polysaccharides
(64).

Antigen Coverage and Composition of a Multivalent Vac-
cine—The goal of any vaccine-based prophylaxis targeting E.
faecium is to prevent invasive disease. We evaluated a global
collection of clinical blood isolates to assess prevalence and
potential coverage of antigens reacting with antibodies specific
for E. faecium LT A and novel heteroglycan antigens. A trivalent
glycoconjugate prophylactic vaccine against E. faecium com-
posed of enterococcal glucosylated teichoic acid (Pf3(TA)),
altruronic acid heteroglycan (Pf2), and legionaminic acid het-
eroglycan (Pf4) could potentially cover at least 90% of the blood
isolates, considering at least one of these three antigens is
expressed on the bacterial surface (Fig. 7C and supplemental
Table S1). Alternatively, for therapeutic intervention to protect
patients during a period of risk in an intensive care unit setting,
a combination of prophylactic monoclonal antibodies targeting
the same three antigens might be considered.
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