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Abstract

This paper describes the application of a bifunctional polyacrylamide (pA—V-F) presenting both vancomycin and fluorescein groups,
to modify the surfaces of multiple species of Gram-positive bacteria (Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus
pneumoniae, and Enterococcus faecalis) to control molecular recognition of these surfaces. The vancomycin groups allowed the specific
recognition of a structural component of the bacterial cell wall: peptides terminated in bp~Ala—p—Ala. The fluorescein groups allowed the
imaging of binding of polymer to the surfaces of bacteria by fluorescence, and are representative, low molecular weight haptens; their
recognition by anti-fluorescein antibodies provides proof-of-principle that bifunctional polymers can be used to introduce haptens onto
the surface of the bacteria. Flow cytometry revealed that polymer-labeled S. aureus and S. pneumoniae were opsonized by anti-fluorescein
antibodies ~20-fold more than were untreated bacteria; nearly all (~92%) polymer-labeled S. aureus, and a large (76%) fraction of
polymer-labeled S. pneumoniae were opsonized. The bound antibodies then promoted phagocytosis of the bacteria by cultured J774
macrophage-like cells. Flow cytometry revealed that macrophages ingested S. aureus decorated with the polymer-antibody complexes
~2-fold more efficiently than S. aureus in control groups, in spite of the high background (caused by efficient antibody-independent
ingestion of S. aureus by macrophages). This paper, thus, demonstrates the ability of a bifunctional polymer to carry out three distinct
functions based on polyvalent molecular recognition: (i) recognition of the surface of Gram-positive bacteria, (ii) modification of this
surface to generate specific binding sites recognized by an antibody, and (iii) promotion of phagocytosis of the opsonized bacteria.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction faces are often poorly antigenic [2-5]. Further, the rise of

drug-resistant strains of bacteria has highlighted the need

Gram-positive bacteria are important to public health,
and many can cause bacterial infections, which remain an
important cause of morbidity and mortality. Immunocom-
promised patients are particularly susceptible to such
infections [1]. The effective design of vaccines against these
infections has proven challenging because bacterial sur-
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for antibacterial agents with new mechanisms of action [6].
The approach described in this paper begins to address this
need by demonstrating the effective conversion of the
surfaces of several types of Gram-positive bacteria
(Staphylococcus aureus, Staphylococcus epidermidis, Strep-
tococcus pneumoniae, and Enterococcus faecalis) into
surfaces presenting controllable recognition elements by
treatment with a bifunctional polymer, pA-V-F (a poly-
acrylamide presenting both vancomycin and fluorescein
groups as side chains) (Fig. 1). The polymer-labeled
bacteria effectively couple with components of the immune
system (antibodies and macrophages) for destruction. We
believe that this approach will provide the basis for new
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methods of promoting interaction between components of
the immune system and surfaces (e.g., bacteria, viruses,
cancer cells) not normally recognized by the immune
system.

Several investigators have employed strategies, related to
the one we have used here, to attach monomeric,
bifunctional molecules noncovalently to the surface of
pathogens or to surface-immobilized purified proteins that
occur on the surfaces of pathogens, and to recruit
components of the immune system to the bound species
[7-10]. As an example, this bifunctional, antibody-target-
ing approach has been applied to the Gram-negative
bacterium Escherichia coli, exploiting the binding of
mannose by FimH, the adhesion protein on the tips of
type 1 pili on the bacterial surface, using small molecule
conjugates [9,10] or polymers [11]. Bertozzi and Bednarski
[9,10] synthesized a mannose-biotin conjugate to which
they bound avidin and an anti-avidin antibody to generate
a complex that displayed both mannose and antibody
molecules. They then demonstrated binding of the man-
nose—avidin—IgG complex to the surface of E. coli and
subsequent recognition of the IgG portion of the complex
to activate complement and enable recognition and killing
of the bacteria by macrophages [10]. In a conceptually
related study, Li et al. [11] used a polymer that presented
both mannoside units (to bind to the bacterial surface) and
a-Gal units (with the potential to recruit innate anti-o-Gal
antibodies to the polymer adsorbed on bacteria). The
investigators, however, did not demonstrate such targeting
of antibodies to a bacterial surface.

We have used a related but distinct approach that, unlike
the previous approaches [7-11], is not directed towards a
specific protein on the surface of a particular pathogen, but
rather, targets ligands that are broadly distributed in many
organisms. The ligands that we have targeted are p-Ala—p-
Ala residues at the carboxy termini of some of the peptides

«

Fig. 1. The opsonization by antibodies and phagocytosis of a Gram-
positive bacterium, directed by a bifunctional polymer (pA-V-F) that
binds to the cell wall via vancomycin and displays fluorescein as an
antigen. (a) The chemical structures of pA-V-F and a control polymer
(pA-F) lacking vancomycin groups. The subscripts x, y, and z denote the
average number of side-chains of vancomycin, unsubstituted amide, and
fluorescein, respectively, per molecule of polymer. The ordering of these
side-chains on both polymers is presumably random due to the method of
synthesis of the polymers. (b) The cell wall of a Gram-positive bacterium is
composed predominantly of peptidoglycan consisting of repeating
disaccharide units with a peptide moiety (terminating in p-Ala-p-Ala;
represented as filled triangles) acting as cross-linking agent. (c) The
bifunctional polymer binds to the bacterial surface mediated by the
vancomycin side chains (represented as “Y”’) interacting with p-Ala—p-Ala
residues of the peptidoglycan. (d) The bacterial surface is subsequently
recognized by anti-fluorescein IgG (from mouse) specific for the second
group (fluorescein, represented as open circles) that the polymer presents.
(e) Macrophages (cultured J774 cells from mouse) bind to the opsonized
bacteria mediated by interactions with the Fc region of the bound IgG’s,
and (f) internalize the bacteria-polymer-antibody aggregate into a
phagosome.
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in the peptidoglycan cell wall of many bacteria (Fig. 1(b))
[12]. These residues provide recognition sites, dispersed
throughout the cell wall, for the antibiotic vancomycin,
which binds to them with good affinity (Kq~pum) [13,14].
Vancomycin serves as an antibiotic by inhibiting cross-
linking of the p-Ala—D-Ala-terminated peptides during
formation and remodeling of the bacterial cell wall by
binding to these peptides at the membrane surface, and
thus inhibiting the action of transpeptidases [15]. Vanco-
mycin-resistant Gram-positive bacteria evade the cytotoxic
properties of vancomycin by expressing three essential
enzymes in response to the binding of vancomycin to VanS,
a transmembrane sensor protein kinase [6,16]. The net
effect of the action of these enzymes is to replace p-Ala—b-
Ala in the bacterial cell wall with p-Ala-p-Lac; vancomycin
binds to p-Ala—p-Lac with 103-fold lower affinity (Kq~mwm)
than to D-Ala-p-Ala, attenuating the potency of the
antibiotic [16]. We included vancomycin groups in the
bifunctional polymer, pA—V-F, to promote specific binding
of the polymer to the surfaces of Gram-positive bacteria
(Fig. 1(c)).

The approach that we present here exploits polyvalency,
which can generate a high-avidity binder for a given surface
from low-affinity recognition units even if not all of the
recognition units are involved directly in binding to their
cognate surface receptors [17-25]. We previously charac-
terized the polyvalent binding of pA-V-F to a self-
assembled monolayer (SAM) that presented p-Ala—D-Ala
groups using surface plasmon resonance spectroscopy
(SPR) [26]. These studies demonstrated that pA-V-F
formed kinetically stable (kog~2 x 107°s™") complexes
with high avidity at the surface presenting p-Ala—p-Ala
groups. These studies also indicated that a thin (6.5nm)
layer of pA-V—F bound to the surface recruited anti-
fluorescein antibodies to that surface almost as well as did a
surface directly presenting fluorescein at a high surface
density.

Our strategy in the current work was to use polyvalency
and the molecular recognition of p-Ala—Dp-Ala by vanco-
mycin (as opposed to the antibiotic properties of this
molecule) to bind polymer with pendant vancomycin
groups to the surfaces of Gram-positive bacteria; this
strategy differs from that of a previous report on the use of
monofunctional polymers of vancomycin as potential
antibiotics [27]. The effective grafting of the polymer to
the bacterial surface gives us the ability to modify the
molecules displayed at the surface of the bacteria by
incorporating additional groups (i.e., in addition to
vancomycin) of arbitrary structure into the polymer.

As a model system, we elected to use fluorescein as a
second group: this polymer (pA—V-F) allowed bacteria that
had their surface modified by adsorption of polymer to be
visualized by fluorescence, and also promoted subsequent
binding of anti-fluorescein antibodies to the modified
bacteria (Figs. 1(c) and (d)). These opsonized bacteria
were then recognized and ingested by macrophages (Figs.
I(e) and (f)). To our knowledge, this paper is the first to

report the coupling of antibodies and macrophages to the
surfaces of pathogens using a bifunctional polymer.

2. Materials and methods
2.1. Materials

Unless otherwise specified, reagents were obtained from Sigma-Aldrich
(St. Louis, MO) of the highest quality available and used as received.
Fluorescein cadaverine, Syto-63, slow anti-fade reagent, rabbit R-
phycoerythrin-conjugated anti-fluorescein IgG (polyclonal), and goat R-
phycoerythrin-conjugated anti-mouse IgG (polyclonal) were obtained
from Molecular Probes (Eugene, OR). Mouse anti-fluorescein IgG (clone
1.BB.75) was obtained from US Biologicals (Swampscott, MA). Mouse
IgG2a isotype control (clone GI155-178) was obtained from BD
Biosciences Pharmingen (Chicago, IL). Dialysis cassettes (10,000 MWCO,
3-15mL) were obtained from Pierce (Rockford, IL). Diffi-Quik stain set
was obtained from Dade Behring (Marburg, Germany). E. coli (ATCC
53506), S. epidermidis (ATCC 35984), E. faecalis (ATCC 49332), E.
faecalis VanB (ATCC 51299), and J774A.1 cells (ATCC TIB-67) were
purchased from the American Type Culture Center (ATCC). S. aureus
strain JL-243 was kindly provided by Dr. Jean Lee of Harvard Medical
School. Confocal fluorescence microscopy was performed on a Leica
confocal imaging system equipped with an Ar—Kr laser and using a 63 x
(N.A.=14) or 100x (N.A.=14) oil immersion objective. Flow
cytometry was performed on a Coulter®™ Epics® Elite ESP flow cytometer.

2.2. Polymers

The bifunctional polyacrylamide, pA—V-F, and the control polyacry-
lamide containing only fluorescein groups, pA-F, were synthesized as
previously reported [26]. Briefly, fluorescein cadaverine was added to a
solution of poly(N-acryloyloxysuccinimide) (PNAS) [18] in DMF and
allowed to react. A vancomycin derivative (vancomycin conjugated to 1,4-
diaminobutane [28,29]) was then added, and finally the reaction was
quenched with ammonium hydroxide (30%), which reacted with remain-
ing NHS esters to yield amides [18]. pA-F was synthesized as above for
pA-V-F with the omission of the vancomycin derivative. The polymers
were dialyzed against water and stored frozen at —20 °C, or lyophilized
and stored at —20 °C. The characteristics of the polymer backbone were
determined by saponifying PNAS to polyacrylic acid and analyzing this
product by GPC: M, =96,500; M, = 65,000; PDI = 1.48; degree of
polymerization x900. The side-chain % substitution of fluorescein and
vancomycin on the polymer was determined by 'H NMR and UV-Vis
spectroscopies to be 1 and 5, respectively [26]. The polymers pA-V—F and
pA-F were soluble in water and phosphate-buffered saline (PBS).

2.3. Culturing of bacteria

Cultures of E. coli, S. epidermidis, and S. aureus were grown as liquid
cultures in SmL of trypticase soy broth (TSB). Cultures of E. faecalis were
grown in SmL of brain-heart infusion broth. Cultures of E. faecalis VanB
were grown in 5mL of brain-heart infusion broth supplemented with PBS,
vancomycin (5 um), or pA—V-F (10 um vancomycin, 2 um fluorescein). All
cultures were grown overnight at 37 °C with shaking at 200 rpm in Falcon
2059 tubes. All of the bacteria were harvested by centrifugation, and
washed by resuspension in PBS and centrifugation.

For flow cytometry experiments, S. pneumoniae (ATCC 6303) or S.
aureus (ATCC 25923) were grown on tryptic soy agar plates supplemented
with 5% sheep blood for 16 h at 37°C in an atmosphere containing 5%
CO,. Following the incubation, bacterial colonies were lifted from the
plates and resuspended in PBS such that the optical densities (at 600 nm)
for S. pneumoniae and S. aureus were 0.3 and 1.25, respectively. Actual
numbers of viable bacteria were determined by plating known serial
dilutions and determining the number of colony-forming units (CFU).
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2.4. Fluorescence microscopy: binding of pA-V-F to bacterial
surfaces

After washing, the bacteria were re-suspended in PBS containing Syto-
63 and pA-V-F. The final ODgy was unity for the bacteria, and the final
concentration of Syto-63 was 5 um, and pA—V-F was 10 uMm in vancomycin,
2™ in fluorescein. The bacteria were incubated for 30 min with the dye
and the polymer, and then 50 uL of the suspension was transferred to an
ELF spin filter (0.2um pore size) and centrifuged to remove the free
polymer and dye. The bacteria were washed by being re-suspended in
200 uL of PBS followed by removal of the solution by centrifugation in the
spin filter. Samples were washed three times. After the final washing, the
bacteria were resuspended in a 1:1 mixture of PBS and Slowfade antifade
reagent or in PBS; no difference was found between the two preparations.
Samples of S. aureus were prepared using this protocol except that only
PA-V-F was included in the binding reaction; Syto-63 was not included.
Control samples in which bacteria were incubated with Syto-63 and pA-F,
or Syto-63 alone were also prepared and washed following the procedure
given above. Samples were prepared for microscopy by placing 2-4 puL of
bacterial sample on a glass slide and covering it with a no. 1 glass cover
slip. The edges of the cover slip were sealed with clear nail polish.

Treatment with pA—V-F lead to no observed increase in the tendency of
the bacteria to aggregate and no special treatment was required to disperse
the cells before observation. To provide accurate images, the voltage of the
PMT used for detection was adjusted to prevent any pixels from being
saturated. Even in the presence of the anti-fade reagent, the sample
(especially fluorescein) remained susceptible to photobleaching.

2.5. Fluorescence microscopy: opsonization by antibodies of
pA—V-F-labeled bacteria

S. epidermidis was grown, harvested, and washed as previously
described [26]. A portion of the bacteria was exposed to Syto-63 and
pA-V-F and washed. This sample was then divided. One portion was
exposed to 130nm (20 pgmL™") R-phycoerythrin conjugated anti-fluor-
escein IgG (IgG(anti-fluor)™<°) for 2h at room temperature in PBS
SuperBlock buffer. A second portion of the sample was incubated for 2h
in the same buffer but without the antibody. Another portion of the
washed S. epidermidis sample was exposed to Syto-63 (but not pA-V-F)
for 30 min, washed three times using an ELF spin filter, then exposed to
130 nm IgG(anti-fluor)™° for 2h in PBS SuperBlock buffer. All three
samples were then washed by centrifugation in ELF spin filters followed
by resuspension in PBS. Samples were washed five times, resuspended in a
1:1 mixture of PBS and Slowfade, and then analyzed by fluorescence
microscopy.

2.6. Flow cytometry to quantitate opsonization of polymer-labeled
bacteria

For opsonization experiments, 200 L S. pneumoniae or S. aureus
solutions (prepared as for studies in microscopy) were centrifuged (10 min;
16,000 x g) and resuspended in PBS containing no polymer, pA-F (2 um in
fluorescein), or pA-V-F (10pum in vancomycin, 2um in fluorescein).
Following a 30 min incubation at room temperature in the dark, bacteria
were washed three times with PBS followed by centrifugation. After the
third wash, bacteria were resuspended in PBS containing no antibody,
67nm (10pgmL™") isotype control antibody (IgG(control)), or 67nm
(10pgmL™") anti-fluorescein antibody (IgG(anti-fluor)). Samples were
then incubated for 30 min at room temperature, washed twice, and re-
suspended in PBS containing no antibody (control/no polymer group
only), or 67 nm (10 pgmL™") R-phycoerythrin-conjugated goat anti-mouse
IgG (IgG(anti-mouse)T™°). After a final 30 min incubation, bacteria were
washed twice, fixed in PBS with 4% paraformaldehyde, resuspended in
I mL PBS, and examined by flow cytometry.

2.7. Preparation of S. aureus and J774A.1 cells (macrophages) for
in vitro phagocytosis of opsonized S. aureus

S. aureus (286 uL; ODgog = 1.25) treated with pA-V-F/IgG(anti-fluor)
or pA-V-F/IgG(control) were re-suspended in 1.0mL modified Hank’s
Balanced Salt Solution (HBSS+) containing 1.0% Bovine Serum
Albumin (BSA). J774A.1 cells were cultured at 37°C (+5% CO,) in
RPMI medium supplemented with streptomycin (50 pygmL™"), penicillin
(50TUmL™"), L-glutamine (2mm), and 10% fetal bovine serum. On the
day of experiments, J774 cells were centrifuged (10 min; 300 x g), washed
twice with PBS and re-suspended at a concentration of 2 x 10°cellsmL ™"
in HBSS+ containing 1% BSA. Bacteria (250 L) and J774A.1 cells
(250 L) were combined resulting in a bacteria CFU:cell ratio of
approximately 300:1, as verified by serial dilutions and plated colony
counts. J774 cells were exposed to S. aureus for one or two hoursin a 37 °C
incubator containing 5% CO,, washed twice with ice cold HBSS +, fixed
for 30 min in PBS with 4% paraformaldehyde, and re-suspended in 0.5mL
PBS. Fixed J774A.1 cells were then examined by flow cytometry.

To visualize phagocytosis via microscopy, unfixed J774 cell monolayers
were prepared by cytocentrifugation, stained using the Diff-Quik® stain
set, and visualized by optical microscopy. Fluorescence microscopy was
performed on unstained cells.

3. Results and discussion

3.1. Synthesis and characterization of the bifunctional
polymer (pA-V—-F)

The bifunctional polymer, pA-V-F, consists of a
polyacrylamide backbone with pendant vancomycin and
fluorescein groups (Fig. 1(a)). Vancomycin is present on
the polymer at side-chain % = 5 and fluorescein is present
at side-chain % = 1 (as determined by '"H NMR and UV-
Vis spectroscopies). In this context, we mean the “‘side-
chain %" of a group to represent the percentage of side
chains in the polymer containing that group. We also
synthesized a control polymer, pA—F, consisting of a
polyacrylamide backbone with only pendant fluorescein
groups (Fig. 1(a)). We have described the synthesis and
characterization of these polymers elsewhere [26].

In order to bind to the exterior surface of the
microorganism, these polymers did not need to diffuse
through the peptidoglycan layer (a three-dimensional
structure with substantial porosity and an exclusion limit
of ~100kDa) [30] to the membrane surface (where the
antibiotic activity of vancomycin is manifested); they
could, therefore, be large. We confirmed that pA-V-F
does not serve as an antibiotic at the concentrations used in
our experiments through two control studies: (i) S. aureus
treated with pA—V—F formed a number of colonies similar
to that formed by bacteria that were not treated with
polymer and (ii) E. faecalis grew normally in brain—heart
infusion with (or without) pA—V-F. The average degree of
polymerization for the polyacrylamide backbone was
~900; this value corresponds to an average of 45
vancomycin groups and nine fluorescein groups per
molecule of pA—V-F, a molecular weight of 136 kDa after
functionalization, and an extended, end-to-end length of
the polymer of approximately 100 nm.
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3.2. pA-V—-F bound specifically to the Gram-positive
bacteria S. aureus, S. epidermidis, and E. faecalis

Previously, we demonstrated that pA-V—F bound to the
surface of a Gram-positive bacterium, E. faecalis, using
fluorescence microscopy [26]. Here we examined the
generality of pA—V-F labeling using two additional
Gram-positive bacteria: S. epidermidis (Fig. 2) and S.
aureus (data not shown). We treated a suspension of S.
epidermidis with a solution of pA-V-F (10um in vanco-
mycin, 2 puMm in fluorescein) and the cell-permeable dye for
nucleic acids Syto-63 (5um), in PBS. The bacteria were
then washed with PBS and examined microscopically using
an Ar-Kr laser for excitation of the fluorophores. The
stained nucleic acid of the S. epidermidis was clearly visible
when we selectively excited Syto-63 (Fig. 2). For a large
fraction of bacteria, we observed fluorescence from
fluorescein (on pA-V-F) that co-localized with the
fluorescence from Syto-63 (Fig. 2); this result suggests a
high labeling efficiency of the bacteria by pA—V-F.

We also investigated binding of the polymer to S. aureus
(data not shown). Suspensions of this bacterium were
incubated in a solution of pA-—V-F, washed, and examined
using fluorescence microscopy. Syto-63 was omitted in
order to eliminate any possibility of interference from
strongly fluorescent complexes of Syto-63 and nucleic acid.
Similar levels of fluorescence from fluorescein were
observed from the pA—V-F-labeled S. aureus, S. epidermi-
dis, and E. faecalis. A control experiment with S. aureus
and pA-F, a polymer that does not have vancomycin side
chains, showed no detectable fluorescence from fluorescein
on the bacteria (data not shown).

Gram-negative bacteria (e.g., E. coli) are not susceptible
to the antibiotic activity of vancomycin because their cell
wall is protected by an outer membrane that is imperme-
able to vancomycin [15]. A control experiment using E. coli
incubated with Syto-63 and pA—V-F, revealed fluorescence
from Syto-63 but not from fluorescein (Fig. 2). The results
from these two control experiments support the inference
that binding of pA—V—F to the surface of bacteria requires
vancomycin-mediated molecular recognition.

We examined the binding of pA-V-F to vancomycin-
resistant E. faecalis VanB to determine whether the
polymer could be effective against these clinically impor-
tant bacteria. While pA—V-F bound to vehicle (PBS)-
treated VanB, it did not bind as effectively to VanB that
had been grown overnight in Spum vancomycin (a
concentration sufficient to induce expression of the
vancomycin-resistance genes, which replace p-Ala—D-Ala
at the surface of the bacteria with p-Ala—p-Lac) [6,16,31]
(Fig. 2). This result suggests that pA—V-F is not able to
form a kinetically stable complex with the bacterial surface
displaying p-Ala—p-Lac (presumably due to the low affinity
of vancomycin for this sequence, Ky~mm) [16], and
confirms the specificity of the vancomycin/pD-Ala—D-Ala
interaction in the binding of pA—V—F to the surfaces of
Gram-positive bacteria. In a second experiment, we grew

Fluorescein
(polymer)

Syto-63
(nucleic acid)

E. faecalis

S. epidermidis

E. coli

E. faecalis
VanB
Grown with
PBS

E. faecalis
VanB
Grown with
vancomycin

E. faecalis
VanB
Grown with
pA-V-F

Fig. 2. Fluorescence micrographs demonstrating binding of pA-V-F to
Gram-positive bacteria and not to Gram-negative bacteria. E. faecalis, S.
epidermidis, and E. coli were grown overnight in media. E. faecalis VanB
were grown overnight in media supplemented with vehicle (PBS),
vancomycin (5pum), or pA-V-F (10pum vancomycin, 2 um fluorescein).
All of the bacteria were incubated with Syto-63 (a dye for nucleic acids
used to visualize the bacteria) and pA-V-F (which displays fluorescein
groups), and then rinsed with PBS to remove any material not associated
with a cell. The treated bacteria were examined by confocal fluorescence
microscopy using an Ar-Kr laser to excite the fluorophores. The Gram-
positive bacteria, S. epidermidis and E. faecalis (vancomycin-sensitive and
vancomycin-resistant VanB that had been grown with PBS or with
pA-V-F) displayed fluorescence from fluorescein that coincided with
fluorescence from Syto-63. E. coli, a Gram-negative bacterium, and E.

faecalis VanB that had been grown with vancomycin only showed

fluorescence from Syto-63 (i.e., fluorescein was not observed).

VanB in the presence of pA—V-F (at the concentration used
in binding experiments) in order to determine whether the
polymer would induce active expression of the vancomy-
cin-resistance genes. Fig. 2 shows that pA-V-F bound to
the surface of these treated bacteria (after rinsing with PBS
and re-treating with pA—V-F); this result suggests that
PA—V-F does not induce expression of these genes (i.c., the
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bacteria were still displaying D-Ala-—D-Ala on their
surfaces). The observation that (monomeric) vancomycin
triggers VanB to become resistant to binding both
vancomycin and pA-V-F, while pA—V—F does not induce
such a resistant phenotype, suggests that pA—V-F may
have advantages over (monomeric) vancomycin for treat-
ing infections caused by VanB (and potentially, by other
vancomycin-resistant bacteria) using the strategy that we
describe below.

3.3. Opsonization of polymer-labeled bacteria by antibodies

After demonstrating binding of the bifunctional poly-
mer, pA—V-F, to bacterial surfaces, we examined the ability
of anti-fluorescein antibodies to bind to S. epidermidis, S.
pneumoniae, and S. aureus that had been labeled with
polymer. For the initial studies, we used fluorescence
microscopy to examine qualitatively the binding of
fluorescently labeled anti-fluorescein antibodies to the
pA—V-F-labeled bacteria (Fig. 3). As a control experiment,
we incubated S. epidermidis with Syto-63 and pA—V-F (as
for polymer labeling studies). These bacteria displayed
fluorescence from Syto-63 and fluorescein (on pA—V—F) but
not from R-phycoerythrin (phyco) (Fig. 3); this result
demonstrates that Syto-63 and fluorescein were not

Syto-63 Fluor Phyco
(nucleic acid) (polymer) (1gGPhiee)
pPA-V-F
+
+

Fig. 3. Fluorescence micrographs demonstrating binding of pA-V-F to S.
epidermidis and subsequent decoration with R-phycoerythrin-labeled anti-
fluorescein IgG (IgG(anti-fluor)™™°), TgG™™° S epidermidis were
incubated sequentially with Syto-63 (a dye for nucleic acids used to
visualize the bacteria), pA—V-F, and IgG(anti-fluor)"™<°, and then rinsed
with PBS to remove any material not associated with a cell. IgG(anti-
fluor)’™¥° or pA—V—F was omitted for control experiments. The treated
bacteria were examined by fluorescence microscopy using an Ar—Kr laser
to excite the fluorophores. S. epidermidis treated with Syto-63, pA—V-F,
and IgG(anti-fluor)’™° displayed fluorescence from all three fluorophores
that was coincident. Bacteria that were treated with Syto-63 and pA-V-F
(i.e., no IgG(anti-fluor)™™<°) displayed fluorescence from fluorescein that
co-localized with that from Syto-63. The absence of fluorescence from
phycoerythin demonstrated that fluorescein and Syto-63 were not
visualized at the wavelengths used to stimulate and detect phycoerythrin.
When S. epidermidis were only incubated with Syto-63 and IgG(anti-
fluor)™™° (e, no pA-V-F), only fluorescence from Syto-63 was
observed. No fluorescence due to phycoerythrin (or fluorescein) was
observed in this case.

fluorescent at the wavelengths used to excite and detect
phycoerythrin. S. epidermidis that were incubated with
pA-V-F, Syto-63, and anti-fluorescein antibody labeled
with R-phycoerythrin (IgG(anti-fluor)"™<°) exhibited phy-
coerythrin (phyco) fluorescence (from the bound IgG(anti-
fluor)?™¥®) that co-localized with fluorescence from fluor-
escein (and from Syto-63) (Fig. 3). Bacteria that were
exposed to IgG(anti-fluor)®™™<° and Syto-63 but not
pA-V-F did not display any phycoerythrin fluorescence
(Fig. 3). These results demonstrate that pA—V—F must be
bound to the bacteria to mediate binding by the antibody,
and that every bacterium labeled with pA-V-F was
recognized by at least one molecule of antibody.

Flow cytometry measured the opsonization of pA—V—F-
labeled bacteria (S. aureus and S. pneumoniae) by anti-
fluorescein antibodies. This technique quantitatively and
rapidly determines the fluorescence intensity of some
thousands of bacteria. In addition, flow cytometry experi-
ments do not require any dye for nucleic acids, because
bacteria are identified by their ability to scatter light. We
incubated the bacteria with polymer (pA—V—F or pA-F)
and a primary antibody in a manner similar to that used in
studies using microscopy. For flow cytometry, however, we
used an unlabeled monoclonal IgG2a antibody (mouse
anti-fluorescein antibody (IgG(anti-fluor))), so that we
could use the same primary antibody in studies of both
opsonization and phagocytosis (see Section 3.4). For
control experiments, we used a mouse isotype-control
IgG2a antibody directed towards an unrelated hapten
(IgG(control)) to probe for non-specific interactions of the
antibody (e.g., the Fc region) with the polymer-labeled
bacteria. Finally, incubation with an anti-mouse secondary
antibody labeled with R-phycoerythrin (goat IgG (anti-
mouse) ™) facilitated detection of primary antibody
bound to the bacterial surface. We examined four groups
of bacteria: untreated bacteria (no polymer or anti-
body) (1), pA—F/IgG(anti-fluor)/IgG(anti-mouse)”™° (2b),
pA-V-F/IgG(control)/IgG(anti-mouse)’™  (3b), and
PA-V-F/IgG(anti-fluor)/IgG(anti-mouse)" ™ (4b) (Fig. 4).

We quantitated the changes in phycoerythrin fluores-
cence of the different groups of bacteria by determining the
mean fluorescence intensity and the percentage of bacteria
in each group that were more fluorescent than a threshold.
The threshold was set to the highest fluorescence intensity
observed for untreated bacteria (Fig. 5). Treatment of
bacteria with pA-F/IgG(anti-fluor)/IgG(anti-mouse)’™¥<°
(2b) controlled for any non-specific (i.e., independent of
vancomycin) binding of the bifunctional polymer to the
bacterial surface. This control group for both S. aureus and
S. pneumoniae demonstrated a slight increase in phycoer-
ythrin fluorescence intensity (mean fluorescence increased
by ~2-fold, Table 1), and in the fraction of bacteria above
the threshold (~16%, Table 1), relative to untreated
bacteria (1). The possibility of non-specific binding of the
antibodies to the bacterial surfaces was eliminated with a
control experiment (see below). These increases are larger
than the uncertainties in the measurements, and are
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Fig. 4. Schematic representation of opsonization and phagocytosis experiments. The three groups of bacteria used in phagocytosis studies are untreated
bacteria (no polymer or antibody) (1), pA—V-F/IgG(control) (3a), and pA-V-F/IgG(anti-fluor) (4a). The four groups of bacteria used in opsonization
studies are untreated bacteria (no polymer or antibody) (1), pA-F/IgG(anti-fluor)/IgG(anti-mouse)™™<° (2b), pA—V-F/IgG(control)/IgG(anti-mouse) 'Y<
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consistent with a low level of non-specific binding of the
polymer to the surfaces of both bacteria by interactions
that are independent of vancomycin.

Bacteria treated with pA—V-F/IgG(control)/IgG(anti-
mouse)”™° (3b) displayed the same mean fluorescence
intensity as untreated bacteria (within error) for both S.
aureus and S. pneumoniae. The percentage of bacteria in
this control group (IgG(control)) with fluorescence greater
than the threshold was negligible (within error) for both
bacteria. The absence of phycoerythrin fluorescence (over
background) in these control experiments eliminated the
possibility of non-specific binding to the bacterial surfaces
of the antibodies: the Fc region of the IgG2a primary
antibodies (IgG(control) and IgG(anti-fluor)) and the
secondary antibody (IgG(anti-mouse)"™¥<°).

Both S. aureus and S. pneumoniae treated with pA—V-F/
IgG(anti-fluor)/IgG(anti-mouse)™™°° (4b) had mean phy-
coerythrin fluorescence intensities between 10- and 20-fold
greater than control groups (2b and 3b) based on statistical
analysis. The percentage of bacteria that were above the
fluorescence threshold was high in this group for both
bacteria (S. aureus, 76+9%; S. pneumoniae, 92 +6%).
These values were much higher than those values observed
in any of the control groups. For S. pneumoniae, the data
from flow cytometry indicate that every bacterium is
labeled by pA—V—F and IgG(anti-fluor) (the percentage of
bacteria with fluorescence above the threshold was
~100%). For S. aureus, the data for the group incubated
with pA-V-F/IgG(anti-fluor) show a high degree of
labeling of bacteria by antibody (76% of bacteria have
phyco fluorescence above threshold). We cannot, however,
rule out the possibility that some fraction of the population
of S. aureus did not bind to either IgG(fluor) or pA—V—F,
given the overlap of the histograms for control and
experimental groups (Fig. 5(a)). From both the flow
cytometry and fluorescence microscopy results, we con-
clude that the polymer must have both vancomycin and

fluorescein side-chains to opsonize S. aureus and S.
pneumoniae: vancomycin, to adsorb the polymer to the
bacterial surface via binding to p-Ala—p-Ala in the cell wall
(cf. 2b and 4b, Fig. 5 and Table 1), and fluorescein, to
localize anti-fluorescein antibodies to the bacterial surface
(cf. 3b and 4b, Fig. 5 and Table 1) (Figs. 1(c) and (d)).

3.4. Association with macrophages and phagocytosis of
opsonized S. aureus

Having demonstrated that antibodies recognize haptens
(fluorescein) on the polymers bound to bacteria, we
explored the ability of the bound IgG antibodies to interact
with macrophages and to promote phagocytosis of the
bacteria (Figs. 1(e) and (f)). Flow cytometry allowed us to
follow the association of the fluorescent polymer-labeled
bacteria with macrophages (Fig. 6). We incubated S. aureus
that were pre-treated with pA—V-F and primary antibody
(IgG(anti-fluor): 4a, or IgG(control): 3a) with cultured
J774 cells (a mouse macrophage-like cell line, which we
refer to below as macrophages). After incubation, we
washed the macrophages and quantitatively examined
macrophages associated with pA—V-F-labeled bacteria
using flow cytometry (gating on the macrophages and
detecting fluorescence from fluorescein) (Fig. 6). We also
examined the macrophages qualitatively by optical micro-
scopy (Fig. 7).

In the flow cytometry experiments, we could only
observe bacteria that were labeled with pA-V-F because
we detected fluorescence from fluorescein (on pA—V-F). We
gated on the macrophages to exclude signals from free
pA-V-F and pA-V-F-labeled bacteria that were not
associated with the macrophages. The control experiments
for phagocytosis, therefore, used fluorescent pA—V-F-
labeled bacteria treated with IgG(control) (3a) to estimate
the antibody-independent phagocytosis of S. aureus
[32,33]. The control experiments for opsonization had
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Fig. 5. Representative flow cytometry histograms demonstrating specific
binding of anti-fluorescein IgG to pA-V—F-labeled bacteria. Bacteria (S.
aureus (a) or S. pneumoniae (b)) were incubated sequentially with polymer
(pA-V-F or pA-F), mouse anti-fluorescein IgG (IgG(anti-fluor)) or mouse
isotype-control IgG (IgG(control)), and goat R-phycoerythrin-conjugated
secondary IgG (IgG(anti-mouse)’™°). Bacteria were also left untreated to
serve as a control (untreated bacteria). Bacterial populations were
identified and gated based on 90° light scatter, and ~10,000 events were
analyzed for phycoerythrin fluorescence intensity. The dotted line
indicates the maximum phycoerythrin fluorescence intensity observed for
the untreated bacteria (threshold). There was a shift to higher
phycoerythrin fluorescence of the entire population for both types of
PA-V-F labeled bacteria when incubated with IgG(anti-fluor) (4b) than
when left untreated (1). There was no such shift in fluorescence for the
population of pA-V-F labeled bacteria that were incubated with
IgG(control) (3b). There was a small shift towards higher phycoerythrin
fluorescence for the S. pneumoniae when treated with pA-F and IgG(anti-
fluor) (4b) than when left untreated (1) (a). Such an increase in this control
group (4b) was not present for S. aureus (b) in this experiment.

demonstrated that IgG(control) does not bind to pA—V-F-
labeled bacteria (Fig. 5, group (3b)). In the control
phagocytosis experiment with IgG(control), approximately
one-half (51+3%) of the macrophages had fluorescence
from fluorescein above the threshold, which was set as the
maximum fluorescence intensity observed for macrophages

interacting with untreated S. aureus (i.e., background
fluorescence). These results suggest a moderate level of
association between pA—V—F-labeled S. aureus and macro-
phages independent of specific antibodies. These data are
consistent with previous reports demonstrating that
macrophages have antibody-independent mechanisms for
phagocytosis of S. aureus [32,33].

There was a statistically significant increase in the
percentage of macrophages above the fluorescence thresh-
old (from 51 +3% to 84+ 1%) when the pA—V-F labeled S.
aureus were incubated with IgG(anti-fluor) (4a) as com-
pared to being incubated with IgG(control) (3a) (Fig. 6(b)).
This increased percentage of fluorescent macrophages
represents an increase in the percentage of macrophages
that are associated with pA—V-F-labeled bacteria in a
specific antibody (IgG(anti-fluor))-dependent manner. The
high background (antibody-independent) level of associa-
tion between macrophages and pA—V-F-labeled S. aureus
[32,33] (Fig. 6) limited the maximum effect that we could
observe (theoretical maximum of 100% fluorescent macro-
phages). The results, nevertheless, demonstrate that
pA—V-F is able to increase the percentage of macrophages
that are associated with S. aureus in a manner that requires
opsonization by anti-fluorescein antibodies.

The greater than two-fold increase in mean fluorescence
for macrophages in the IgG(anti-fluor) group (4a) as
compared to those in the IgG(control) group (3a)
(Fig. 6(c)) indicates an increase in the average number of
pA—V-F-labeled bacteria associated with each macrophage
when there is IgG(anti-fluor) present on the surface of the
bacteria. We believe that this increase in mean fluorescence
underestimates the interaction between the pA—V-F-
labeled bacteria and macrophages in the IgG(anti-fluor)
group due to the quenching of fluorescence from fluor-
escein upon binding by IgG(anti-fluor). The addition of an
excess of IgG(anti-fluor) to a solution of pA—V—F quenched
the fluorescence from fluorescein by >95% (data not
shown). We cannot comment on the quantitative amount
that this quenching reduces the observed interaction
between the pA-V-F-labeled bacteria and macrophages
in the IgG(anti-fluor) group because we have no estimate of
the number of free (not bound by antibody) fluorescein
moieties per molecule of polymer associated with bacteria
(see Refs. [17-20]). This quenching does not occur in the
control samples incubated with IgG(control). The results
with IgG(anti-fluor), even with the likely underestimation
due to quenching of fluorescence by binding of antibody,
demonstrate an increased association of pA—V-F-labeled
bacteria with macrophages in a manner that is dependent
upon an IgG with specificity towards the hapten (fluor-
escein) introduced by the polymer.

Macrophage studies included both one and two hour
time points, in order to evaluate whether the enhanced
phagocytosis of the IgG(anti-fluor) group relative to the
IgG(control) group persisted. Similar to the earlier time
point, IgG with specificity for the fluorescein hapten on
pA-V-F (IgG(anti-fluor)) (4a) significantly increased
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Table 1
Summary of flow cytometry data for opsonization of bacteria
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Mean fluorescence

Percentage of bacteria

intensity® above threshold™®

S. aureus

Bacteria (untreated) (1) 4.540.3

+ pA-F/IgG(anti-fluor)/IgG(anti-mouse) < (2b) 9+4 17+16

+ pA-V-F/IgG(control)/IgG(anti-mouse) ¥ (3b) 6+2 6+5

+ pA-V-F/IgG(anti-fluor)/IgG(anti-mouse) ¥ (4b) 90 +40° 76+9¢
S. pneumoniae

Bacteria (untreated) (1) 43402

+ pA—F/IgG(anti-fluor)/IgG(anti-mouse) ™ (2b) 8+3 15+11

+ pA—V-F/IgG(control)/IgG(anti-mouse)™™° (3b) 454022 0+0

+ pA-V—F/IgG(anti-fluor)/IgG(anti-mouse) ™ (4b) 80+30° 92+6°

#Uncertainties represent standard errors of the mean from three independent experiments.
"Threshold was set based on the maximum fluorescence observed for untreated bacteria (and is shown as dotted line in Fig. 5). Percentages above

threshold in group 1 are zero by definition.

°p<0.05 vs. other polymer-treated groups. Comparisons were performed using a one-way analysis of variance (ANOVA) followed by a Duncan post-
hoc test. When data did not pass Levine’s test for normality and equal variance, they were logarithmically transformed (base 10) to meet ANOVA

requirements.
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Fig. 6. Flow cytometry data demonstrating greater phagocytosis of pA—V-F-labeled S. aureus when treated with anti-fluorescein IgG (IgG(anti-fluor))
than when treated with isotype-control IgG (IgG(control)). Bacteria were treated with pA—V-F and then with either IgG(anti-fluor) (4a) or IgG(control)
(3a). Cultured J774 cells (macrophages) were incubated with these potentially opsonized bacteria for 1 or 2h, washed, and analyzed by flow cytometry.
Macrophages were identified and gated based on forward and 90° light scatter, and fluorescence intensity from fluorescein was measured for 5000 events of
the macrophage population. (a) Representative histograms (with 1 h incubation of bacteria with macrophages) showing the fluorescence intensity of 5000
events of the macrophage population. The dotted line indicates the fluorescence threshold that was set on the basis of the maximum fluorescence intensity
from untreated control bacteria. The fluorescein fluorescence intensity shifts to higher values for the macrophage population when incubated with
IgG(anti-fluor) than when incubated with IgG(control). Summarized data from four independent experiments are expressed as (b) the percentage of
macrophages that are fluorescent (based on the threshold set in (a)), and (c) mean fluorescence intensity of all events. The error bars in (b) and (c) represent
standard errors of the mean from the independent measurements. The legend in (b) applies to both (b) and (c). Comparisons were made among groups
within each time point and the differences between all three groups were found to be statistically significant (p <0.05) using one-way analysis of variance
(ANOVA) followed by a Bonferroni post-hoc test.

the percentage of macrophages associated with bacteria
(Fig. 6(b)) and the number of bacteria per macrophage
(Fig. 6(c)) relative to non-specific IgG (IgG(control)) (3a)
after 2h of incubation. The percentage of macrophages
above the fluorescence threshold and the fluorescence per
macrophage changed little between one and two hours for
the IgG(anti-fluor) group; this result suggests that peak or
near peak bacterial uptake in the hapten-specific antibody
group was achieved by 1h. The association of pA—V-F-
labeled bacteria with macrophages achieved after two
hours of incubation with IgG(control) failed to reach the

levels achieved after only one hour of incubation with
IgG(anti-fluor). Taken together, these findings suggest that
the bifunctional polymer strategy (mediated by hapten-
specific 1gG) increases the net amount and the rate of
bacterial association with macrophages for a significant
time period relative to innate phagocytosis (independent of
specific IgG) by the macrophages.

Flow cytometry does not distinguish between bacteria
that are actually internalized and those that are merely
associated with the periphery of the cell membrane of
the macrophages. To address this issue, we examined
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Fig. 7. S. aureus bacteria labeled with pA-V-F and anti-fluorescein 1gG
(IgG(anti-fluor)) are ingested by J774 macrophages. Macrophages were
treated with pA-V-F and IgG(anti-fluor) as in Fig. 6. (a) Unfixed
macrophages were prepared for visualization by optical microscopy by
centrifugation and by staining with the Diff-Quik® stain set (Dade
Behring). In this image of a representative macrophage, the S. aureus
appear as small (0.8 um diameter), darkly stained spheres (referred to as
cocci). Cocci are evident both associated with the external cell membrane
of the macrophage (thick black arrow) and internalized in intracellular
phagosomes of the macrophage (thin black arrow). The large, dark object
in the center of the macrophage (white arrow) is its nucleus. (b) Unstained
macrophages were also imaged using fluorescence microscopy. This image
is a fluorescence micrograph (fluorescence from fluorescein) merged with a
phase contrast micrograph of the same field. The fluorescent signals (green
or white) arising from the pA—V-F-labeled S. aureus appear to originate
from within the macrophage. This intensity must arise from a large cluster
of cocci; single cocci are not resolved using this technique. The scale bar
applies to both images.

bacteria-associated macrophages (prepared as above) using
optical microscopy (Fig. 7). Bacteria (diameter of 0.8 um)
are visible both inside of the macrophage in phagosomes
(Fig. 7(a); thin black arrow) and associated with the
external cell membrane (Fig. 7(a); thick black arrow).
Moreover, overlaying a phase-contrast image with a
fluorescence image (Fig. 7(b)) suggested an intracellular
location of a fraction of the pA—V—F-labeled, fluorescent
S. aureus. These images strongly suggest that the data from
flow cytometry (increased mean fluorescence and increased
percentage of events above threshold relative to control
groups) for macrophages exposed to pA-V-F-labeled
S. aureus and IgG(anti-fluor) is attributable to increases
in both the amount of bacteria bound to and internalized
by the macrophages; that is, some fraction of the
macrophage-associated bacteria is phagocytosed.

3.5. Strengths and limitations of the bifunctional polymer
strategy

There are several strengths to the bifunctional polymer
approach. For the specific system studied here, vancomycin
gives the polymer a broad, but specific target (all Gram-
positive bacteria). The bifunctional polymer is modular in
design: one component is the recognition element that
binds the polymer to the surface, and the other component
is the functional element. This modularity makes this
strategy a general approach to the design of a wide range of
polymers with different specificities (by varying the
recognition element) and functions (by varying the

secondary or functional element). These bifunctional
polymers function sequentially: (i) the polymer binds to
the surface of the target mediated by one type of side-chain
on the polymer, (ii) antibodies bind to the other side-chain
functionality on the polymer, and (iii) the opsonized
bacteria are recognized and ingested by macrophages. This
step-wise mode of action is in contrast to previous
approaches using monomeric bifunctional molecules (e.g.,
chimeric or small-molecule conjugated proteins [7,8,34,35]
or pre-assembled complexes [9,10]) and has potential
benefits in future applications of these polymers (see
below).

In the specific system studied here, pA—V-F cannot
target Gram-negative bacteria, viruses, or other cell types
and is thus not general for all pathogens. The use of
fluorescein as our functional element (i.e., hapten) required
using anti-fluorescein, an antibody directed towards an
unnatural hapten, in the opsonization step. These specific
limitations could, theoretically, be overcome by varying the
recognition and functional elements of the polymer, as
discussed above. Bifunctional polymers (like all polymers)
are subject to certain limitations in therapeutic applica-
tions: they are not orally bioavailable and their innate
polydispersity has hampered their FDA approval [36]. We
believe, however, that polymers will be particularly
effective in places where their large size (and thus, low
oral bioavailability) is an advantage rather than a
disadvantage. Examples could include administration to
appropriate compartments, such as the digestive tract,
respiratory system, eye, superficial soft tissue infections,
and vagina, where retaining the polyvalent ligand in that
organ or structure is useful, and where release into the
systemic circulation may be undesirable.

As a general approach, bifunctional polymers might be
useful therapeutically to target antibodies to pathogens or
cancer cells to accelerate their destruction. An appropriate
recognition element for the target of interest can be
incorporated into the polymer and, given the polyvalent
nature of the interaction, weak monovalent interactions
would be acceptable in this role. The functional element on
the polymer can be either a synthetic (as demonstrated
here) or a natural hapten (e.g., part of a vaccine). A
synthetic hapten would require the subsequent administra-
tion of antibodies directed towards that hapten, while a
natural hapten would allow antibodies of the host to target
the polymer-labeled target. Bifunctional polymers may also
be useful in analytical applications. Binding to cells or
viruses by a molecule that has both a tunable recognition
component and a tunable labeling component could be
useful in approaches designed to quantitate specific
populations of cells [37] (e.g., by flow-cytometry).

4. Conclusions
We used a bifunctional polyacrylamide, pA-—V-F

(Fig. 1(a)), to form complexes with the surfaces of
several representative Gram-positive bacteria (S. aureus,
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S. epidermidis, S. pneumoniae, and E. faecalis) and to
“decorate” these bacteria with a synthetic molecule
(fluorescein); this molecule served as a hapten that was
recognized by antibodies (IgG(anti-fluor)) in a second step.
These antibodies, which were bound to the bacterial
surfaces, interacted with macrophages (presumably via
interactions with the Fc region of the antibody) and
promoted phagocytosis of the opsonized, polymer-labeled
bacteria (Fig. 1).

This polyacrylamide might be useful therapeutically in
the clearance from appropriate biological compartments of
bacterial infections caused by Gram-positive bacteria. We
are currently investigating these applications using in vivo
models of bacterial infections in the respiratory system.
Further, the binding of pA—V-F to E. faecalis VanB after
overnight incubation with pA—V-F (but not after incuba-
tion with monomeric vancomycin itself), and preliminary
results that demonstrated that pA—V—F was able to mediate
opsonization of some fraction of induced VanB by anti-
fluorescein antibodies, suggest that the bifunctional poly-
mer approach using vancomycin as the recognition moiety
could be successful in targeting even these vancomycin-
resistant bacteria, which pose a serious public health
problem, for phagocytosis in vitro and in vivo.

Most importantly, the studies reported here offer a
proof-of-principle demonstration that bifunctional poly-
mers can target microbes for antibody-mediated immunity.
By appropriate selection of the recognition moiety, this
polyvalent approach should allow the selective destruction
of pathogens (or other cells) of interest by coating their
surfaces with hapten, to which antibody-mediated host
defenses can be targeted.
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