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Abstract

Staphylococcus aureus is a Gram-positive bacterial pathogen that produces a range of infections
including cellulitis, pneumonia, and septicemia. The principle mechanism in antistaphylococcal
host defense is opsonization with antibodies and complement proteins, followed by phagocytic
clearance. Here we use a previously developed technique for installing chemical epitopes in the
peptidoglycan cell wall to show that surface glycopolymers known as wall teichoic acids conceal
cell wall epitopes, preventing their recognition and opsonization by antibodies. Thus, our results
reveal a previously unrecognized immunoevasive role for wall teichoic acids in S. aureus:
repulsion of peptidoglycan-targeted antibodies

Graphical abstract

Staphylococcus aureus is a Gram-positive pathogen that claims nearly 20 000 lives in the
United States each year through serious infections such as pneumonia and septicemia and
imposes a major financial burden through common infections such as cellulitis.! Host
defense against S. aureus primarily depends on phagocytic clearance by macrophages and
neutrophils recruited to sites of infection. These innate immune cells identify and
phagocytose S. aureus via opsonins that coat the bacterial cell surface— principally,
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antibodies and complement.2 Following internalization, bacteria are killed through multiple
mechanisms, including oxidative damage, enzymatic degradation, and antimicrobial peptide-
induced lysis.2 S. aureus has evolved a myriad of immunoevasion mechanisms targeting
each of these steps: i.e., phagocyte recruitment, immune detection, and intraphagosomal
killing.3

Wall teichoic acids (WTA) are glycopolymers covalently attached to the peptidoglycan (PG)
cell wall in Gram-positive bacteria. Extending beyond the cell wall, they form a dense,
highly charged glycan layer at the cell surface,*° where they play key roles in S. aureus
physiology, regulating ion homeostasis®, autolysis’~10, and PG biosynthesis!1-12, WTAs also
contribute to the pathogenesis of S. aureus infection by mediating adherence to host
tissues.13-16 |n addition, the WTA layer serves as a physical barrier to shield S. aureus from
a broad array of environmental threats, ranging from antimicrobial surfactants to
bacteriolytic enzymes (e.g., lysozyme).17:18

In keeping with this protective role, we hypothesized that WTAs may also function as an
“immunological cloak” for S. aureus, preventing antibodies from recognizing and
opsonizing the cell wall. PG represents an ideal target for the immune system because its
structure is highly conserved across bacterial species and absent in mammalian tissue.1®
Indeed, antibodies targeting the cell wall could conceivably provide broad protection against
S. aureus (and possibly other Gram-positive species as well), given the conservation of PG
structure and the fact that Gram-positive bacteria lack an outer membrane to protect PG
from immune recognition. Thus, concealing cell wall epitopes with WTAs would be a highly
advantageous immunoevasive strategy.

To explore the hypothesis that WTAS block antibody binding to S. aureus PG, we first
needed to identify a cell wall-specific antigen to which we could test recruitment of a
cognate antibody. Unfortunately, commercially available antistaphylococcal PG antibodies
are raised against whole cell immunogens (not purified2® or chemically synthesized?! PG
antigens) and may therefore recognize non-PG epitopes. To circumvent this problem, we
reasoned that we could install an exogenous chemical antigen in the cell wall and assess
recruitment of a highly specific antibody to this foreign epitope.

To execute this strategy, we made use of a “chemical surface display”’22 technique previously
developed in our lab, which enables insertion of nonnative chemical moieties into the cell
wall of S. aureus via sortase A.23 Sortase A is an enzyme that resides on the extracellular
face of the plasma membrane, where it recognizes the pentapeptide motif LPXTG in secreted
proteins (wherein x can be any amino acid). The enzyme cleaves between the threonine and
glycine of this motif and then attaches the LPXT peptide along with its N-terminal protein
cargo to the PG bridge peptide (Figure Sla,b).24 Through the same mechanism, incubating
bacteria with synthetic LPXTG peptides carrying N-terminal chemical cargo leads to
covalent “biosynthetic” incorporation of exogenous compounds into the cell wall of S.
aureus (Figure S1c).23 As shown previously, this labeling process takes place under standard
laboratory growth conditions and has no appreciable effects on cell viability or
morphology.23
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Utilizing this technique, we sought to install the chemical epitope fluorescein isothiocyanate
(FITC) into the cell wall of S. aureus using the probe K(FITC)-LPETG (Figure S1c). We
then sought to assess recruitment of antibodies to PG-bound FITC in the presence and
absence of WTASs in order to test the role of these glycopolymers in immunoevasion.
Following the protocol of Campbell et al.,12 we depleted WTA by treating cells with 0.1 g
mL~1 tunicamycin, a concentration that selectively inhibits the first gene in the WTA
biosynthetic pathway, TagO, without altering cell viability.12

To control for nonspecific sticking of the probe to the cell surface, which could lead to
deposition of FITC epitopes on non-PG envelope structures (and thus “off-target” antibody
recruiting), we labeled parallel sets of samples with the isomeric scrambled peptide
K(FITC)-EGTLP. As demonstrated previously, this control peptide recapitulates the
nonspecific binding properties of the LPETG probe but is not incorporated into PG by
sortase A.23 Therefore, comparisons between EGTLP- and LPETG-treated samples allow
for specific quantification of antibody recruitment to PG-bound epitopes.

As an additional control, we performed our experiments in the Aspa S. aureus Newman
mutant. This strain lacks expression of protein A, a surface protein that binds to the Fc
portion of many mammalian antibody isotypes.2®> Hence, the use of Aspa S. aureus
eliminates protein A-mediated antibody binding, allowing specific detection of antibody
recruitment to FITC. To test whether Aspa S. aureus is capable of incorporating K(FITC)-
LPETG, both in the presence and absence of WTA, we labeled mutant bacteria with and
without tunicamycin. As shown in Figure S2a, flow cytometry measurements of cellular
FITC fluorescence demonstrated effective labeling with K(FITC)-LPETG under both
conditions.

Having confirmed that the Aspa mutant efficiently incorporates FITC into the cell wall, we
assessed antibody recruitment to PG-bound FITC by incubating cells with DyLight 649-
conjugated anti-FITC antibodies, and then measuring cellular FL-4 fluorescence via flow
cytometry. Strikingly, we observed no antibody binding at all in native bacteria, but after
inhibition of WTA synthesis with tunicamycin, we observed substantial recruitment (Figure
1a).

The small increase in binding in the tunicamycin-treated EGTLP sample compared with the
untreated EGTLP control most likely represents antibody recognition of probe that is
nonspecifically adsorbed to the WTA-denuded cell wall. Indeed, flow cytometry
quantification of EGTLP probe labeling demonstrated that the peptide bound much more
avidly to cells in the absence of WTA (Figure S2b). This finding may be explained by the
relative hydrophobicity of the exposed PG cell wall in TCM-treated cells compared to the
highly charged WTA layer present in native bacteria—a property that likely promotes
nonspecific sticking of peptide probes. However, as stated above, the substantial increase in
antibody recruiting in the tunicamycin-treated LPETG sample compared to the
corresponding EGTLP control demonstrates specific recognition of epitopes covalently
linked to PG.
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Next, to confirm that antibody binding to cell wall epitopes is a result of WTA removal per
seand not an artifact of tunicamycin treatment, we tested recruitment in AtagO S. aureus
Newman, which is genetically deficient in WTA synthesis (Figure 1b). In this strain, we did
observe substantial binding of antibody to DMSO-treated cells (likely attributable to protein
A-mediated capture) and to nonspecifically adsorbed EGTLP probe. However, there was
also a significant increase in antibody recruitment to PG-bound FITC in AtagO S. aureus
(Figure 1b) that was not observed in WTA-expressing cells (Figure 1a). This result further
supports the essential role of WTASs in blocking antibody binding to cell wall epitopes.

We then leveraged a unique property of anti-FITC antibodies—their ability to quench the
fluorescence of FITC upon binding—to demonstrate a direct physical interaction between
antibody and PG-bound epitope. To this end, we labeled Aspa S. aureus with K(FITC)-
LPETG in the presence and absence of tunicamycin and then incubated cells with various
concentrations of anti-FITC antibodies. As shown in Figure 1c, there was a progressive
decrease in FITC fluorescence with increasing concentrations of anti-FITC antibody in
WTA-depleted S. aureus. This result indicates fluorescence quenching due to direct antibody
binding to fluorophore. No such quenching was observed with an anti-DNP control,
demonstrating specific antibody recognition of FITC. Quenching was also absent in WTA-
expressing cells, again confirming WTA's critical role in impeding antibody recruitment. Of
note, the modest degree of quenching we observed (~10% at the highest antibody
concentration) is likely attributable to the relative impermeability of the cell wall to
antibodies. Binding is probably restricted to superficial PG-linked FITC molecules, whereas
the majority of epitopes are likely buried within the PG meshwork, inaccessible to
antibodies.

Imaging studies were then performed to further demonstrate that antibodies are able to
recognize cell wall epitopes only in the absence of wall teichoic acids. First, we imaged
recruitment of antibodies to FITC, and consistent with our flow cytometry results (Figure
1a), we found that antibodies only bound to cells that had been labeled with K(FITC)-
LPETG and depleted of WTAs (Figure 1d).

Next, to directly visualize the relationship between epitope and antibody, we incorporated
the more photostable fluorophore Alexa 488 into the cell wall via K(A488)-LPETG and
recruited anti-A488 antibodies. As shown in Figure 2a (left panels), the A488 epitope was
distributed uniformly throughout the cell wall, including the septum (see inset). Antibodies,
meanwhile, only bound to the exterior portion of the cell wall, without penetrating into the
septum. Super-resolution images further showed that antibody predominantly coated the
surface of the cell wall (Figure 2b, Movie S1), a result that is fully consistent with the
quenching data (Figure 1c), which suggested that only superficial PG-bound epitopes are
available for binding.

Finally, we sought to demonstrate that WTAS serve as a barrier against binding of not only
antibodies but proteins in general. To this end, we tested whether the 53-kDa protein
streptavidin could be recruited to PG-bound biotin in the presence and absence of WTASs in
WT S. aureus (note: the use of the Aspa mutant in this experiment was unnecessary, as
streptavidin does not bind to protein A). Indeed, consistent with the antibody recruiting
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results presented in Figure 1a, streptavidin only bound its target when WTA synthesis was
inhibited (Figure 3).

In this study, we have employed a unique “chemical surface display”22 strategy to
interrogate the role of WTA at the interface between S. aureusand the immune system.
Using sortase-targeted peptides, we were able to biosynthetically incorporate several
chemical epitopes (FITC, Alexa 488, and biotin) at a precisely defined site in the
peptidoglycan sacculus under the WTA layer. Then, using specific recognition proteins for
these epitopes, we generated multiple lines of evidence to show that WTASs serve as a barrier
against opsonin recruitment to the cell wall (Figure 4). This barrier function most likely
derives from the density and charge of WTAS, which in turn lead to steric and/or
electrostatic repulsion of opsonins.

According to this model, cell wall-associated proteins (CWAPs, Figure S1) must extend
beyond the WTA layer since they are recognized by antibodies in native S. aureus.28 This
exposure is likely necessary for the particular functions of CWAPs (e.g., protein A
intercepting host antibodies, clumping factor B mediating adhesion to host tissue, etc.27), but
it also leaves them susceptible to antibody-mediated immunity. It may be that S. aureusis
able to tolerate such immune responses because CWAPs are often functionally redundant
and therefore poorly conserved.2” Indeed, vaccine studies have shown that broad protection
against S. aureus cannot be achieved through an antibody response to any single CWAP;
multiple antigens must be targeted simultaneously.28

In contrast, the basic structure of PG is nearly invariable between S. aureus strains. In fact,
PG structure is so well-conserved that it represents a bacterial pathogen-associated
molecular pattern (PAMP)—a molecular signature for the presence of invading bacteria—
that is recognized by a dedicated set of innate immune receptors: NOD1 and NOD2.19 Thus,
it would appear critical to conceal this highly conserved antigen from antibodies, which may
otherwise provide broad, species-wide protection against S. aureus—and perhaps other
Gram-positive bacteria as well.

It is interesting to note that antibodies against staphylococcal PG are virtually ubiquitous in
human sera.2930 The reason for their inefficacy against S. aureus is unclear, but it may be
that they are simply obstructed from binding their targets by WTA. Indeed, the effectiveness
of pharmacological WTA inhibitors and diminished virulence of WTA-depleted S. aureusin
animal infection models may be attributable in part to the exposure of PG to such
antibodies.13:15.16:31.32 Fyrther studies will be needed to test this hypothesis.

WTA itself also serves as a target for the human immune system, as it is recognized by both
antibodies and the soluble pattern recognition molecule, mannose binding lectin.33:34
Similarly to anti-PG immunity, humoral responses against WTA fail to provide adequate
antistaphylococcal defense. However, murine vaccine studies have shown that boosting anti-
WTA antibody titers can provide protection, suggesting that the inefficacy of WTA
antibodies may be attributable to insufficient quantity rather than antigenic inaccessibility.3°

The notion that WTA functions as a cloak for PG to prevent detection by the immune system
fits well with several previous studies. Recently, Fura et al. reported an immunotherapeutic
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strategy against S. aureus in which dinitrophenol (DNP) modified D-amino acids are
incorporated into peptidoglycan and used to recruit anti-DNP antibodies present in human
serum.36 Consistent with our findings, they showed that antibody recruiting to PG-bound
DNP greatly improved in the absence of WTA. Similarly, An et al. have demonstrated that
human serum amyloid protein (SAP), a component of the acute phase response to infection,
is able to recognize PG only in the absence of WTAs.3’ Finally, in Drosophila, Atilano et al.
have shown that WTAs prevent binding of the innate effector protein, peptidoglycan
recognition protein (PGRP), to the staphylococcal cell wall.38 The same group recently built
upon these findings, demonstrating that PGRP recognition of PG could be restored through
deletion of the major autolysin, at/. They proposed that PG fibers projecting radially from
the S. aureus cell wall (also observed in immunoelectron microscopy studies2%) are able to
extend beyond the WTA layer where they are susceptible to immune detection unless
actively “trimmed” by at/39 It should be noted, however, that WTA deletion per se disrupts
at/localization® and that deletion of WTA and at/ have additive effects on PGRP
recruitment;39 therefore the role of at/in PG exposure is likely multifactorial.

Overall, these findings are in close accordance with the model presented here and point to a
conserved role for WTAs in preventing immune recognition of PG in both vertebrate and
invertebrate hosts. The discovery of this phenomenon significantly deepens our
understanding of the function of WTAs in S. aureus, adding them to the already impressive
arsenal of immunoevasion mechanisms possessed by this important human pathogen.

These results also raise a number of follow-up questions deserving of further study. One
informative direction would be to determine the specific structural components of WTA that
mediate the polymer’s antibody-retardant properties. The highly charged ribitol-phosphate
backbone of WTA likely plays a role, but its D-alanine and a-and S-O-N-acetyl-D-
glucosamine (GlcNac) substituents may contribute significantly as well. Investigation into
such questions should provide important insight into WTA’s emerging role in S. aureus
pathogenesis and may also reveal novel pharmacologic targets for antistaphylococcal
therapy. We believe that the rapidly expanding toolkit of synthetic cell wall probes, including
those used here, will serve as a valuable adjunct to more traditional immunology and
bacteriology techniques in these endeavors.23: 40 41

EXPERIMENTAL SECTION

A full description of materials and methods may be found in the Supporting Information
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Figure 1.
Antibodies are recruited to chemical epitopes within the S. aureus cell wall when WTAs are

absent. (a) Aspa S. aureus Newman was labeled with K(FITC)-LPETG, K(FITC)-EGTLP, or
DMSO vehicle control with or without 0.1 g mL™ tunicamycin and then incubated with 5
19 mL~1 DyL ight 649-conjugated anti-FITC antibody. Antibody recruitment was assessed
by measuring total cell FL-4 fluorescence (from the DyLight 649 fluorophore) via flow
cytometry. (b) AtagO S. aureus Newman was labeled with peptides and analyzed for
antibody recruitment by flow cytometry as in a. (c) Aspa S. aureus Newman was labeled
with K(FITC)-LPETG with or without 0.1 g mL~1 tunicamycin, and then incubated with
anti-FITC antibodies. Fluorophore quenching was assessed by measuring total cell FL-1
fluorescence (from FITC) on a flow cytometer and expressed as a percentage of the
fluorescence of unopsonized bacteria. Equimolar anti-DNP antibodies were used as a
control. (d) 4spa S. aureus Newman was labeled with K(FITC)-LPETG, K(FITC)-EGTLP,
or DMSO vehicle control with or without 0.1 g mL™1 tunicamycin, and then incubated with
DyL.ight 649-conjugated anti-FITC antibody. Widefield imaging was performed to visualize
antibody localization. The magnified inset represents an image after deconvolution
processing. Flow cytometry data shown are representative of multiple independent trials
performed in technical duplicate; error bars indicate SEM. * denotes a P value <0.05. ***
denotes a P value <0.001. Scale bar: 5 gm. Abbreviations: TCM, tunicamycin; WTA, wall
teichoic acids.
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Figure 2.
Antibodies bind predominantly to superficial PG-bound epitopes. Aspa S. aureus Newman

was labeled with K(A488)-LPETG with or without 0.1 g mL~! tunicamycin and then
incubated with anti-Alexa 488 primary antibodies, followed by Alexa 568-conjugated
secondary antibodies. (a) Widefield imaging analysis was performed to visualize epitope and
antibody localization. The magnified inset represents a dividing cell with peripherally
located antibodies. (b) Structured illumination microscopy (SIM) imaging analysis was
performed to visualize epitope and antibody localization at super resolution. Scale bar in (a):
5 um. Scale bar in (b): 1 tm.
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Figure 3.
Streptavidin recruitment to PG-bound biotin requires WTA depletion. WT S. aureus

Newman was labeled with K(biotin)-LPETG, K(biotin)-EGTLP, or DMSO control with or
without 0.1 £g mL~1 tunicamycin and then incubated with Alexa 647-conjugated
streptavidin. Protein recruitment was assessed by measuring total cell FL-4 fluorescence
(from Alexa 647) on a flow cytometer. Experiment performed in technical duplicate; error
bars indicate SEM. ** denotes a P value <0.01. Abbreviations: TCM, tunicamycin; WTA,
wall teichoic acids.
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Figure 4.
Schematic of wall teichoic acids shielding cell wall epitopes from opsonins in S. aureus.

K(FITC)-LPETG incorporated into the cell wall of S. aureus by sortase A is inaccessible to
antibodies unless WTAs are depleted by tunicamycin treatment or by deletion of genes in the
WTA biosynthetic pathway.
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