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ABSTRACT: Vaccine scaffolds and carrier proteins increase the
immunogenicity of subunit vaccines. Here, we developed,
characterized, and demonstrated the efficacy of a novel micro-
particle vaccine scaffold comprised of bacterial peptidoglycan
(PGN), isolated as an entire sacculi. The PGN microparticles
contain bio-orthogonal chemical handles allowing for site-specific
attachment of immunogens. We first evaluated the purification,
integrity, and immunogenicity of PGN microparticles derived from
a variety of bacterial species. We then optimized PGN micro-
particle modification conditions; Staphylococcus aureus PGN
microparticles containing azido-D-alanine yielded robust conjuga-
tion to immunogens. We then demonstrated that this vaccine
scaffold elicits comparable immunostimulation to the conventional
carrier protein, keyhole limpet hemocyanin (KLH). We further modified the S. aureus PGN microparticle to contain the SARS-CoV-
2 receptor-binding domain (RBD)this conjugate vaccine elicited neutralizing antibody titers comparable to those elicited by the
KLH-conjugated RBD. Collectively, these findings suggest that chemically modified bacterial PGN microparticles are a conjugatable
and biodegradable microparticle scaffold capable of eliciting a robust immune response toward an antigen of interest.

■ INTRODUCTION

Many protein vaccines, commonly referred to as subunit
vaccines, are weakly immunogenic compared to other vaccine
types.1 Subunit vaccines are rapidly degraded and cleared from
the body and generally have low intrinsic immunogenic
properties.1 To combat this, adjuvants, carrier proteins, or
nanoparticles are often employed.1 Carrier proteins act by
multimerizing subunit vaccines, which promotes B cell
receptor cross-linking and uptake by dendritic cells.2,3 There
are clinically tested carrier proteins,4−6 like keyhole limpet
hemocyanin (KLH) isolated directly from keyhole limpets,1,7

and bovine serum albumin1 purified by fractionation of bovine
plasma,8 and clinically licensed carriers like diphtheria
toxoid4,9,10 and tetanus toxoid.4,11 Although anti-carrier
immunity12 can be a concern, carrier proteins have proven
effective in amplifying the immunity generated by subunit
vaccines. Additionally, inorganic nanoparticles, like metal-
based nanoparticles13 and lipid formulations, have been shown
to promote the immune response generated by subunit
vaccines. However, their scalability14,15 and the lack of
biodegradability16−20 have prevented these technologies from
being as commonly used as carrier proteins.
In addition to multimerization, nanoparticles and carrier

proteins can further promote immunogenicity by acting as an
adjuvant. Adjuvants take advantage of innate immune

receptors such as toll-like receptors (TLRs), nucleotide-
binding oligomerization domain (NOD)-like receptors
(NLRs), and other receptors to directly stimulate immune
cells.21−25 Recent work has shown that direct tethering of
adjuvants to immunogens is optimal for eliciting a robust
immune response.26−30 As such, many effective carrier proteins
are known to activate innate immune receptors. For example,
KLH has been shown to be innately immunogenic.25 Given
that the most effective carrier proteins and nanoparticles act by
not only multimerizing subunit vaccines but also directly
tethering adjuvants to immunogens, we envisioned that a
scalable, biodegradable, immunogenic nanoparticle technology
could be a very useful tool in the growing arsenal of vaccine
carriers.
We proposed that bacterial peptidoglycan (PGN) could fit

this brief. PGN is innately immunogenic, naturally biodegrad-
able, and easily purifiable. PGN has been previously used as a
vaccine adjuvant in the laboratory31,32 to stimulate the immune
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system through TLR233 and NOD134 and NOD2 recep-
tors.34−36 Moreover, PGN is naturally degraded by serum
lysozymes37 and is regularly cleared from the body without
significant systemic inflammation.38,39 These immunogenic
properties, coupled with a regular clearance mechanism, make
PGN an ideal vaccine adjuvant. Indeed, sortase enzymes have
been used previously to covalently conjugate small molecules
and proteins to the growing bacterial cell wall for potential
vaccine applications,40−44 further validating the use of PGN as
a potential vaccine carrier.

Additionally, there are two key innovations surrounding
PGN which we sought to combine to further PGN as a vaccine
microparticle. The first is robust and scalable purification
techniques which have previously been developed to isolate the
entire PGN shell or sacculi (microparticle) from bacterial
cells.45,46 The second is the site-specific metabolic incorpo-
ration of clickable D-amino acid (D-aa) derivatives into
growing bacterial PGN.47 These chemical handles have been
used previously to covalently attach small molecules like
fluorophores,48,49 pH sensors,50 and epitopes for antibody
recognition51 to growing or inactivated bacteria. Therefore, we

Figure 1. PGN microparticles incorporate unnatural D-aa residues without altering their structures. (a) Schematic for incorporating unnatural D-aa
into PGN, purifying it, and conjugating an antigen. Yellow indicates living cell, while gray indicates isolated PGN. (b) Chemical structure of PGN,
highlighting the D-ala residue that is likely replaced by the unnatural D-aa residue (X). During conjugation (right), an antigen (green circle) is
“clicked” onto the unnatural D-aa. (c) Schematic of PGN microparticle purification from growing bacterial cells. Steps include boiling in 1 M NaCl
to burst the membrane and release a variety of intracellular components, followed by benzonase treatment to digest RNA and DNA, trypsin
treatment to digest PGN-bound and cellular proteins, and incubation with 1 M HCl to remove wall teichoic acids (Methods). (d) DLS traces of
purified PGN microparticles from S. aureus, Bacillus subtilis, and L. monocytogenes containing WT PGN or PGN isolated after growth in broth
containing additional D-ala or alkDala.
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sought to combine these two advances to produce homoge-
nous, clickable PGN microparticles able to be modified with
subunit immunogens.
We isolated and characterized bacterial PGN microparticles

following incorporation of an unnatural D-aa. We optimized
antigen conjugation to the microparticles and selected
Staphylococcus aureus PGN modified with azido-D-alanine
(azaDala) for subsequent antigen conjugation. We then
compared the immunogenicity of the antigen-conjugated
PGN microparticles to that of the gold-standard KLH carrier
protein in two animal models and with five strains of S. aureus
PGN microparticles. Finally, we conjugated the SARS-CoV-2
receptor-binding domain (RBD) to the PGN microparticles
and established that this RBD-PGN microparticle can elicit
neutralizing antibodies against SARS-CoV-2 with similar
efficacy to KLH-RBD. Collectively, this work establishes an
alternative biodegradable and low-cost vaccine scaffold with
tunable immunogenic properties.

■ RESULTS AND DISCUSSION

Development and Characterization of Chemically
Modified PGN Microparticles. We first set out to develop
and characterize purified sacculi containing unnatural D-aa
derivatives. We incorporated unnatural D-aa derivatives into

the PGN shell of growing bacteria and isolated the resultant
microparticles45,46 (Figure 1a). Briefly, growing bacteria were
incubated with a D-alanine (D-ala) derivative, which was
incorporated into the terminal two positions of the stem
peptides in their PGN47 (Figure 1b). The PGN shell of these
bacteria was isolated (Figure 1c) via multiple harsh steps,
including boiling in high osmolarity and incubation in 1 M
HCl (Methods). The overall scheme was to utilize these
purified PGN microparticles to conjugate an immunogen of
interest via ligation to the chemical handle on the unnatural D-
ala derivative (Figure 1a,b).
To assess whether the incorporation of a modified D-aa

residue impacted the PGN structure, we used dynamic light
scattering (DLS) to determine the size of the purified sacculi
from untreated cells and cells grown in the presence of 1 mM
D-ala or 1 mM alkynyl-D-ala (alkDala) (Figure 1d). For the
five species of Gram-positive bacteria tested, the microparticles
did not substantially differ in size when grown without D-aa
derivatives or with 1 mM D-ala or 1 mM alkDala (Figure 1d
and Figure S1a). However, purified PGN microparticles of
Gram-negative Escherichia coli exhibited large variations in size
based on growth conditions (Figure S1b). These variations
could be due to decreased stability of the thinner PGN shell in
Gram-negative52 Escherichia coli compared to the Gram-

Figure 2. PGN microparticles stimulate macrophages and can conjugate subunit vaccine antigens. (a) RAW-Blue macrophage stimulation assay
comparing PGN microparticles isolated from cells grown without unnatural D-aa (WT) or grown with additional D-ala or alkDala. Lm, L.
monocytogenes; Lm OatA, L. monocytogenes with an OatA mutation; Lm PgdA, L. monocytogenes with a PdgA mutation; and Sa, S. aureus. Positive
controls: lipopolysaccharide (LPS), muramyl dipeptide (MDP), and γ-D-Glu-mDAP (iE-DAP). Negative controls: cells with the substrate, medium
with the substrate, and the substrate alone. Mean and standard deviations are shown (n = 3); each point is the mean of a triplicate measurement
from a different day. The highest unpaired t-test value for each data set is shown: **P ≤ 0.01, **P ≤ 0.001. (b) Heat map of relative conjugation
efficiency of isolated PGN microparticles to sfGFP. Relative conjugation efficiency was calculated by dividing the mean fluorescence intensity of
modified PGN microparticles by the mean fluorescence intensity of D-ala-PGN microparticles. Numbers in parentheses denote molar equivalents
used to non-specifically modify sfGFP.
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positive strains. We also examined genetically modified sacculi
in PGN O-acetyltransferase A (OatA) and N-acetylglucos-
amine deacetylase (PgdA) mutants in Listeria monocytogenes.
These knockout strains of L. monocytogenes alter the PGN
composition, by removing the enzyme (OatA)53 responsible
for acetylating the C-6 hydroxyl group of the N-acetylmuramic
acid (MurNAc) residue in the growing PGN or by removing
the enzyme responsible for deacetylating (PgdA)54 the N-
acetylglucosamine (GlcNAc) residues in the growing PGN.
The PGN from both OatA and PgdA knockout cells was
previously determined to modify the host immune response55

and to alter particle degradation by lysozyme-like en-
zymes.34,55,56 DLS did not reveal any differences in size for
these two strains regardless of growth conditions (Figure S1a).
Having demonstrated that the integrity of Gram-positive

PGN shells remained intact after unnatural D-aa incorporation
and purification, we next sought to address the immunosti-
mulatory properties of modified PGN microparticles in an NF-
κB stimulation reporter cell line. RAW-Blue cells57 are
immortalized murine macrophages that express relevant PGN
immune receptors (TLR-2, NOD1, NOD2, etc.) and produce
secreted embryonic alkaline phosphatase upon NF-κB
activation. We plated macrophages in the presence of PGN
microparticles at a 10:33 ratio of cells to PGN and measured
NF-κB activation with a colorimetric assay (Methods). We
aimed to ensure that PGN microparticles were immunostimu-
latory, as expected, and that unnatural D-aa incorporation into
the PGN microparticles did not influence immunostimulation.
Unmodified sacculi and those grown in the presence of
additional D-ala or the unnatural amino acid alkDala displayed
no significant difference in macrophage activation for most of
the Gram-positive samples (Figure 2a). However, E. coli, the
only Gram-negative species tested here, displayed differing

responses (Figure S2), perhaps due to heterogeneity in particle
sizes or purity. Given the DLS data (Figure S1b) and this
result, E. coli was not pursued in future experiments. Bacillus
subtilis also exhibited markedly different macrophage activation
between growth conditions (Figure S2) and was not carried
forward for further analysis. Consistent with previous reports,
we confirmed that the sacculi isolated from OatA-knockout
cells were less immunogenic than sacculi isolated from WT- or
PgdA-knockout L. monocytogenes strains (Figure 2a).55 Taken
together, these results demonstrate that Gram-positive
bacterial PGN can yield homogeneous microparticles that are
immunostimulatory.

Optimization of Subunit Protein Conjugation to PGN
Microparticles. To evaluate the efficacy of PGN as a vaccine
scaffold, we analyzed the ability to conjugate a subunit
immunogen to purified sacculi. In order to facilitate
comparisons, we utilized the fluorescent, monomeric, 26.8
kDa protein superfolder green fluorescent protein (sfGFP)58 as
a model antigen.59 To test the conjugation efficiency of sfGFP
to the four Gram-positive sacculi (S. aureus and three
derivatives of L. monocytogenes), we purified PGN micro-
particles containing azido-D-alanine (azaDala), alkDala, or D-
cys from these four strains. We then tested the conjugation
efficiency of sfGFP derivatives, modified in various ways with
the corresponding clickable handles (Figure 2b).60,61 sfGFP
was modified with strained cyclooctynes, azides, or maleimides
through n-hydroxysuccinimide (NHS) or maleimide chem-
istries. We analyzed the conjugation efficiency of these click
reactions by flow cytometry, comparing the mean fluorescence
intensity of the PGN shells with or without corresponding D-
aa incorporation (Figures 2b and S3a).
S. aureus PGN modified with azaDala, henceforth referred to

as SA Aza-Pep, afforded the highest conjugation efficiency

Figure 3. Characterization and immunogenicity of sfGFP-modified PGN microparticles. (a) DLS traces of purified PGN microparticles from
azaDala-modified S. aureus pre- and post-conjugation with DBCO-modified-sfGFP. (b) Vaccine schedule for the guinea pig immunizations shown
in this figure. (c−e) Binding to sfGFP-coated ELISA plates (quantified as net absorbance at 450 nm) for serum isolated at (c) 4 weeks post-prime,
(d) 2 weeks post-first boost, and (e) 2 weeks post-second boost. PEP, sfGFP-SA-Aza-Pep. KLH, KLH without the adjuvant. KLH-F, KLH with
Freund’s adjuvant system. (f) Biolayer interferometry (BLI) of the binding of serum isolated from guinea pigs 2 weeks post-second boost to sfGFP-
coated biosensor tips.
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when conjugated to sfGFP derivatives containing dibenzocy-
clooctyne (DBCO) functionalities (Figure 2b, left, bottom).
The site-specific maleimide-PEG4-DBCO conjugation to a
cysteine at position 3 on sfGFP yielded more effective
conjugation than similar NHS-PEG4-DBCO conjugations
(Figure 2b). The resulting maleimide-PEG4-DBCO conjuga-
tion of SA Aza-Pep to sfGFP produced an immunogen
henceforth referred to as sfGFP-SA-Aza-Pep. No modification
was detected for any condition for the three derivatives of L.
monocytogenes (Figure 2b), which was surprising because these
bacteria readily incorporate unnatural D-aa into their PGN
which can be modified by small molecules suggesting that
biological processes do not alter unnatural D-aa incorpo-
ration.47 Rather, it is likely that there are fundamental
differences in the PGN between L. monocytogenes and S.
aureus which could explain the relative impermeability of the L.
monocytogenes PGN for the sfGFP protein.62

PGN Microparticles as Vaccine Carriers. Given our
successful conjugation of a subunit vaccine candidate (sfGFP)
to the surface of a S. aureus PGN microparticle, we were
interested in this microparticle’s in vivo efficacy as an
immunogen. We sought to compare the immunogenicity of
PGN microparticles to that of KLH conjugated to sfGFP. We
produced a KLH−sfGFP conjugate using a maleimide-
activated KLH in order to also conjugate sfGFP through a
cysteine at position 3 and normalized the amount of sfGFP in

each immunization sample using a standard sfGFP curve
(Figure S3b). Therefore, each immunization sample had an
identical amount of fluorescence. Because we were able to
determine the molarity of sfGFP in each sample and by
knowing the concentration of KLH used in the conjugation or
by counting the number of microparticles in a known sample
volume by microscopy, we then approximated the number of
sfGFP units per KLH (∼21 sfGFP/KLH) and per PGN
microparticles (∼250,000 sfGFP/sacculi) (Figure S3c).
Consistent with the addition of sfGFP, DLS indicated a

minor increase in size following conjugation (Figure 3a). Given
that serum contains lysozyme-like enzymes,37 we sought to
understand the serum stability of these PGN conjugates. We
therefore employed fluorescence flow cytometry to detect
decreases in both sfGFP fluorescence due to serum proteases
and particle degradation due to serum lysozymes. In guinea pig
serum, the GFP component of SA-Aza-Pep had a half-life of
4.5 h compared to the 17.7 h for the PGN microparticles
(Figure S4a). In rabbit serum, the half-lives were 2.4 and 10.4
h (Figure S4b).
These analyses provided the groundwork for an immuniza-

tion experiment in guinea pigs with 2.5 μg of sfGFP conjugated
to KLH or as sfGFP-SA-Aza-Pep. The immunization protocol
contained one boost at week 4 and a second boost at day 112
to investigate long-lived immunity (Figure 3b). We compared
the immunization of KLH conjugations with and without

Figure 4. S. aureus strain plays a role in overall immune response to PGN microparticles. (a) Mean fluorescence intensity (MFI) of the indicated
DBCO sfGFP-conjugated azaDala S. aureus strains. (b) RAW-Blue macrophage stimulation assay of sfGFP-modified PGN microparticles from
various strains of S. aureus. Conditions and analyses are as defined in Figure 2a. (c) Vaccine schedule for the mouse immunizations shown in this
figure. (d) Total IgG EC50 from ELISA binding titers of mice immunized with sfGFP-conjugated KLH or PGN microparticles from a variety of S.
aureus strains. (e) ELISA binding titers of specific IgG subtypes from mice immunized with sfGFP-conjugated KLH or PGN microparticles from a
variety of S. aureus strains.
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Freund’s adjuvant system to the adjuvant-free immunization of
sfGFP-SA-Aza-Pep. Freund’s adjuvant system (Freund’s
complete adjuvant for the prime, followed by Freund’s
incomplete adjuvant for the boosts)63,64 is an extremely robust
adjuvant that is not approved for any human or veterinary
vaccines but is only used in laboratory settings.63 Freund’s
adjuvant contains, among other components, bacterial cell wall
fragments from mycobacterium and, therefore, may be
stimulating the immune response in a similar way to that of
our PGN conjugates.63,64 We profiled the immune response
after the prime (Figure 3c), first boost (Figure 3d), and second
boost (Figure 3e). Following a boost, the unadjuvanted sfGFP-
SA-Aza-Pep elicited a better immune response than unad-
juvanted KLH; however, this response was less robust than
with Freund’s adjuvant system (Figure 3c,d). Strikingly,
following a boost at day 112, sfGFP-SA-Aza-Pep retained a
robust response (Figure 3e), demonstrating PGN’s ability to
elicit an anamnestic immune response. Furthermore, biolayer
interferometry, in which the magnitude of the nm shift can be
used as a surrogate for binding, indicated the same rank order
of binding, with PGN microparticles outperforming KLH
(Figure 3f).
S. aureus Strain Alters Vaccine Microparticle Efficacy.

Given that the PGN structure is known to be altered based on
the bacterial strain,65 we were next interested in whether the S.
aureus strains used to produce the PGN microparticles played a
role in the host’s immune response. We conducted an
experiment testing five sfGFP-conjugated S. aureus strains for
their immunogenicity in mice. We selected two common
(Rosenbach)66 lab strains of S. aureus (ATCC: 25923 and
29213), two other common laboratory strains (SH100067 and
RN422068), and a wall teichoic acid knockout of RN4220
(ΔTarO)69 for this experiment. Note that our previous
experiments had utilized the 25923 strain. Sacculi were
isolated from all five strains (Figure S5a) and conjugated
using maleimide-PEG4-DBCO-modified sfGFP. Flow cytom-
etry revealed that the relative conjugation efficiency was similar
across all strains tested (Figure 4a). We also confirmed that all
versions of PGN from these strains yielded similar macrophage
stimulation with RAW-Blue assay, when normalizing for the
amount of sfGFP (Figure 4b). Differences in silver staining
(Figure S5b) suggested that bacterial components, such as wall

teichoic acids, may impact PGN purification efficiency during
purification.
PGN strains and KLH were conjugated with sfGFP and then

injected into three mice each, while two mice received the
ΔTarO conjugate. Mice were immunized at day 0 and boosted
at day 28; ELISAs were conducted with serum collected 14
days post-boost (Figure 4c). The immune response was
strikingly similar between KLH and PGN, as mice elicited a
more robust KLH−sfGFP response and slightly weaker PGN
response relative to guinea pigs (Figures 3d and 4d). However,
not all S. aureus strains elicited a response similar to that
elicited by KLH: notably, two strains, RN4220 and the ΔTarO
derivative of RN4220, elicited a weaker overall response than
the other strains (Figure 4d).
We then profiled the IgG subtypesa surrogate for immune

polarization. Immune polarization is altered by adjuvants21 and
can be profiled by analyzing the relative ratios of IgG1/IgG2 in
mice, where IgG1-skewed responses favor Th2-type responses
as opposed to a TH1-type response. Given that bacterial
infections promote a Th2-type response,70 it is not surprising
that all five sfGFP-PGN conjugate vaccines elicited a
preferentially IgG1 response versus IgG2a/b responses (Figure
4e). Other common adjuvants, for example, alum, also
promote a Th2-type response.71 The sfGFP-SH1000-con-
jugated vaccine appeared to produce the most robust response
among the PGN microparticles that we assessed (Figure 4d)
and elicited a response in both IgG1 and IgG2a/b (Figure 4e).
Additionally, SH1000 contains all four known N-acetylgluco-
saminidases, which hydrolyze the bond between the GlcNAc
and MurNAc in the PGN backbone.72 For this reason, SH1000
PGN was selected for further investigation.

PGN Microparticles as a SARS-CoV-2 RBD Vaccine
Carrier. To test whether PGN was a suitable vaccine
microparticle for a viral immunogen, we turned to the SARS-
CoV-2 RBD (Figure 5a). The RBD73 has a molecular weight
similar to that of sfGFP and was previously shown to produce a
skewed IgG1-type response in mice.74−76 We conjugated the
RBD to PGN microparticles through maleimide-PEG4-DBCO
conjugated to Cys538 (Methods; spike numbering). Although
the Cys538 position should be a free cystine residue in the
RBD construct, previous reports indicated that Cys538 is
spontaneously cysteinylated.77 Therefore, mild tris(2-carbox-
yethyl) phosphine (TCEP) reduction was utilized to facilitate

Figure 5. PGN microparticles conjugated with the SARS-CoV-2 RBD elicit a neutralizing antibody response. (a) Schematic of the SARS-CoV-2
RBD conjugated to a PGN microparticle. (b) Vaccination schedule for the mouse immunizations shown in this figure. (c) ELISA binding of serum
from mice immunized with SARS-CoV-2-RBD and SARS-CoV-2-RBD conjugates. (d) EC50 derived from the curves in (c) (mean and SEM); PEP-
RBD is the SARS-CoV-2 RBD conjugated to SH1000 PGN. (e) Neutralization curves of heat-inactivated serum from mice immunized with SARS-
CoV-2-RBD conjugates. (f) NT50 derived from the curves in (e) (GMT and SD).
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DBCO conjugation (Methods). Modification was confirmed
using the absorbance of DBCO at 310 nm (Figure S6).
Biolayer interferometry confirmed that the mildly reduced and
DBCO-modified RBD was still bound to conformation-specific
antibodies and ACE2 (Figure S7).
Finally, we conjugated the reduced RBD to KLH and the

DBCO-modified RBD to SH1000 sacculi and normalized the
amount of the RBD in each conjugate. The RBD is not
fluorescent; hence, we were unable to use a fluorescence-based
standard curve. Instead, we utilized an anti-His tag dot-blot
standard curve to bridge the gap between a known
concentration of His-tagged sfGFP-modified KLH or PGN
microparticles (determined using fluorescence) and His-tagged
RBD-modified KLH or PGN microparticles (Figure S8).
We then immunized mice with the unconjugated RBD,

KLH-RBD, or SH1000-RBD in phosphate-buffered saline
(PBS) with no other adjuvants. Following a prime and two
boosts (Figure 5b), the unconjugated RBD elicited a weak
response, with only two animals showing any indication of
binding and no indication of neutralization78 (Figure 5c−f). In
contrast, both the KLH- and SH1000-conjugated RBDs
displayed both binding and neutralization (Figure 5c−f). As
with the sfGFP-immunized mice, there was little difference
between the KLH- and SH1000-conjugated groups (Figure
5c−f). The improved immunogenicity of the PGN micro-
particles compared to the unconjugated RBD (Figure 5c−f)
demonstrates a clear first step in the development of PGN
microparticles as a biodegradable, immunostimulatory, and
adaptable vaccine platform. Taken together, this work provides
the foundation for the development of PGN microparticles as a
novel vaccine scaffold.

■ DISCUSSION
Here, we demonstrated the utility of PGN microparticles as
novel vaccine scaffolds. We established purification protocols
and achieved immunostimulation with a variety of PGN
microparticles. We demonstrated that S. aureus azaDala PGN
can conjugate two distinct subunit vaccine candidates, yielding
immunostimulation comparable to that achieved with the gold-
standard carrier protein KLH. Finally, we demonstrated the
efficacy of PGN as a vaccine scaffold for the SARS-CoV-2
RBD: an SH1000-RBD conjugate vaccine elicited neutralizing
anti-RBD antibodies at similar efficacy to the KLH-RBD
conjugate vaccine.
Subunit vaccines are an attractive alternative to other

vaccination methods due to their specificity toward a specific
part of the pathogen1,79 and because their production does not
involve the production of large amounts of viruses or bacteria,
which can lead to safety concerns. However, the immune
response generated by subunit vaccines is often weak (e.g., the
response generated to the RBD alone in Figure 5c, red
triangles).80 Therefore, there is a need for technologies that
improve the immune response generated by subunit vaccines.
Although alternative adjuvants and carrier approaches have
been pursued with success,1,81 there remains an unmet need
for immunogenic, easily adaptable carriers that can be
produced on scale. PGN microparticles have been produced
on a large scale from liters of culture82 and constitute a scalable
vaccine microparticle, as showcased here.
In combination with the data presented herein, there are

simple and effective next steps that can improve PGN
microparticles in future studies. They could easily be combined
with a variety of other adjuvants83 or stabilizing agents,81

further increasing their immunogenicity. Moreover, it is
possible to incorporate multiple distinct clickable handles
into individual microparticles (by simply growing the cells in
broth containing an additional D-aa). This allows for the
production of PGN microparticles that can simultaneously
contain the antigen, clicked to one handle, and a multiplicity of
additional TLR agonists,26 T-cell epitopes,84 or cancer neo-
antigens85 conjugated to the orthogonal handle.26,86

Finally, in contrast to the inorganic nanoparticles, like gold
or silver nanoparticles,13 that are used in vaccination, PGN is a
native substrate for many endogenous enzymes and is
therefore readily biodegradable.16,87 Meanwhile, the composi-
tion of PGN and its overall stability during the harsh
purification process (Figure 1c) suggest that PGN would
benefit from the same advantages as inorganic scaffolds, like
their solvency and pH stability, while mitigating their risks.
Bacteria are commonly lyophilized and shipped at room
temperature, and therefore, it is quite likely that PGN
microparticles could afford the same stability and ease of
storage. Given the current global limitations on cold-chain
storage, stable PGN microparticles could offer an alternative
scaffold that is amenable to large-scale distribution. The
advantages of their production, ease of purification, stability,
and innate immune properties render PGN microparticles an
ideal addition to the growing arsenal of vaccine nanoparticles.
In conclusion, our PGN microparticle scaffold is a unique,

biodegradable nanoparticle capable of eliciting an immune
response similar to that elicited by commonly used carrier
proteins like KLH. In mice, RBD-PGN microparticles elicited a
neutralizing response to SARS-CoV-2. PGN microparticles are
a potentially scalable subunit vaccine conjugation platform
whose stability could avoid cold-chain transportation require-
ments.

■ METHODS
PGN Production and Isolation. Wildtype (WT), OatA-, or

PgdA-expressing bacteria were grown to saturation in LB medium.
This suspension was diluted 1:10,000 into 3−4 mL of LB containing
the 1 mM unnatural D-ala derivative and grown overnight to
saturation. Cultures were harvested by centrifugation at 13,000g for 1
min and washed twice with 1× PBS. For isolation, cells were
resuspended in 1 M NaCl (for Gram-positive cells) or 0.1 M Tris/
HCl pH 7 + 0.25% SDS (for Gram-negative cells) and boiled for 30
min at 100 °C. These suspensions were washed twice with ddH2O,
resuspended in 500 μL of ddH2O, and sonicated in a water bath for
30 min. Five hundred microliters of Tris buffer pH 7.4 with 1 μL of
benzonase (Sigma) was added to each sample and incubated at 37 °C
for 1 h. Thirty microliters of trypsin (HyClone 0.25%) was added to
each sample and incubated at 37 °C for 1 h. Samples were then boiled
at 100 °C for 5 min and washed twice with ddH2O. Finally, samples
were incubated in 1 mL of 1 M HCl for 4 h at 37 °C, washed with
ddH2O until their pH was approximately neutral, and then spun down
at 13,000g and resuspended into 1× PBS for use in conjugation
reactions. All experiments in Figures 1−3 were conducted with a
single preparation of bacterial PGN. Future experiments were
conducted with two additional preparations of isolated PGN. Batch
to batch variability was low (∼MFI for sfGFP conjugation was ∼105
in measured preparations).

Dynamic Light Scattering. DLS measurements were taken on a
Malvern Zetasizer Nano S. One hundred microliters of the PGN
suspension was added to a 70 μL disposable cuvette, and the
temperature was equilibrated to 25 °C for at least 2 min prior to
sample measurement.

RAW-Blue NF-kB Activity Assay. RAW-Blue cells were
purchased from InvivoGen, and the macrophages were maintained
as described by the manufacturer. Briefly, cells were maintained in
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DMEM medium supplemented with 4.5 g/L glucose, 10% fetal
bovine serum (FBS), and 100 μg/mL Normocin (InvivoGen) and
Zeocin (InvivoGen). One hundred eighty microliters of cells were
plated at 550,000 cells/mL in a 96-well dish with 20 μL of PGN,
suspended in endotoxin-free H2O. The amount of PGN per sample
was previously quantified via serial dilution and imaged via confocal
microscopy to achieve 3.3 PGN per macrophage in each well. For
testing the S. aureus strains, 3 μL of the sample (10 μg/mL sfGFP)
was used. The assays were conducted in the same medium except that
the FBS in this assay was heat-inactivated. Plates were incubated for
48 h at 37 °C and 5% CO2. A 50 μL sample of the supernatant was
taken and added to 150 μL of QUANTI-Blue (InvivoGen). This
mixture was incubated in 96-well flat-bottom plates for 30 min at 37
°C before quantification with a spectrophotometer (BioTek Synergy
HT Microplate Reader) at 650 nm. Experiments were conducted in
triplicate of triplicate. Mean and standard deviations of the mean from
the three experiments are shown. Data were analyzed with GraphPad
Prism 9 using an unpaired t-test.
sfGFP Expression. The gene encoding sfGFP was cloned into a

pET28b vector with a C-terminal hexa-His tag. For all constructs in
which a maleimide was conjugated or a free cysteine was utilized, a
Cys residue was incorporated at position 3. The sfGFP-N3 construct
containing a genetically encoded azido-phenyl alanine (pET22b-T5-
sfGFP* and pUltra-Poly) was generously supplied by Professor Peter
Schultz at Scripps. All cells were grown in 2XYT medium and induced
at OD600 0.6−0.8. In the case of sfGFP-N3, 2XYT was supplemented
with 1 mM azido-phenyl alanine (Chem Impex) dissolved in H2O,
solubilized dropwise with NaOH (conc), and filtered with a 0.22 μm
filter. Cells were induced with 1 mM IPTG, and the protein was
expressed for 4 h at 37 °C with shaking.
sfGFP Purification. E. coli cells were harvested by centrifugation

for 10 min at 5000g and lysed via sonication. Sonicated samples were
spun again at 13,000g for 1 h, and GFP was purified from cell lysates
through Ni-NTA purification (HisPur Ni-NTA resin, Thermo
Fisher). sfGFP used for conjugation experiments was buffer
exchanged into PBS. For all other experiments, sfGFP was run over
endotoxin removal resin (Pierce) and purified FPL (Superdex 200).
RBD and Monoclonal Antibody Expression. RBD, monoclonal

antibodies, and soluble human ACE2-Fc were expressed and purified
from Expi293F cells (Thermo Fisher). Expi293F cells were cultured in
66% Freestyle/33% Expi medium (Thermo Fisher) and grown in
TriForest polycarbonate shaking flasks at 37 °C in 8% CO2. One day
prior to transfection, cells were spun down at 300g and resuspended
to a density of 3 × 106 cells/mL in fresh medium. The next day, cells
were diluted and transfected at a density of approximately 3−4 × 106

cells/mL. Transfection mixtures were made by adding maxi-prepped
DNA, culture medium, and FectoPRO (Polyplus) to cells to a ratio of
0.5−0.8 μg:100 μL:1.3 μL:900 μL. For example, for a 100 mL
transfection, 50−80 μg of DNA was added to 10 mL of culture
medium, and then, 130 μL of FectoPRO was added to that mixture.
Following mixing and a 10 min incubation, the resultant transfection
cocktail was added to 90 mL of cells. The cells were harvested 3−5
days after transfection by spinning the cultures at >7000g for 15 min.
Supernatants were filtered using a 0.22 μm filter.
RBD Purification. The RBD was purified using HisPur Ni-NTA

resin (Thermo Fisher). Expi293F cell supernatants were diluted with
1/3 volume wash buffer (20 mM imidazole, 20 mM HEPES pH 7.4,
and 150 mM NaCl), and the Ni-NTA resin was added to diluted cell
supernatants. The RBD was incubated at 4 °C with stirring overnight.
Resin/supernatant mixtures were added to chromatography columns
for gravity flow purification. The resin in the column was washed with
wash buffer (20 mM imidazole, 20 mM HEPES pH 7.4, and 150 mM
NaCl), and the RBD was eluted with 250 mM imidazole, 20 mM
HEPES pH 7.4, and 105 mM NaCl. Column elutions were
concentrated using centrifugal concentrators (10 kDa cutoff for the
RBD), followed by size-exclusion chromatography on an AKTA Pure
system (Cytiva). AKTA Pure FPLC with a Superdex 6 Increase gel
filtration column (S6) was used for purification. One milliliter of the
sample was injected using a 2 mL loop and run over the S6, which had

been preequilibrated in degassed 20 mM HEPES and 150 mM NaCl
prior to use. Biotinylated antigens were not purified using the AKTA.

Protein Purification (Fc Tag). Anti-RBD IgGs and hFc-Ace2
fusions were purified using a 5 mL MAbSelect SuRe Prism column on
the AKTA Pure FPLC (Cytiva). Filtered cell supernatants were
diluted with 1/10 volume of 10× PBS. The AKTA system was
equilibrated with 1× PBS for A1, 100 mM glycine pH 2.8 for A2, 0.5
M NaOH for B1, 1× PBS for the buffer line, and H2O for the sample
lines. The protocol involved washing the column with A1, then
loading the sample in Sample line 1 until air was detected in the air
sensor of the sample pumps, followed by five column volume washes
with A1, and elution of the sample by flowing of 20 mL of A2
(directly into a 50 mL conical containing 2 mL of 1 M Tris pH 8.0)
followed by five column volumes of A1, B1, and A1. The resultant Fc-
containing samples were concentrated using 50 or 100 kDa cutoff
centrifugal concentrators (Amicon). Proteins were buffer exchanged
using a PD-10 column (Sephadex) that had been preequilibrated into
20 mM HEPES and 150 mM NaCl. IgG-ACE2 fusions were further
purified using the S6 column on the AKTA as described above.

Screening sfGFP Conjugation Conditions to Isolate PGN.
Previously prepared sfGFP was conjugated through maleimide (two
molar equivalents in 1× PBS), through N-hydroxysuccinimide
(respective number of molar equivalents shown above in 1× PBS),
or left unconjugated. After conjugation, all samples were buffer
exchanged into 1× PBS and diluted to 1 mg/mL. PGN isolated as
described above was spun down at 13,000g and resuspended in 1 mg/
mL solutions of sfGFP derivatives with their respective clickable
handles. Cu-free click reactions and thiol-reactive samples were
incubated for 1 h at room temperature. To the Cu click samples of a
preformed complex of BTTAA (33 mM, two molar equivalents) and
CuSO4 (16.5 μM, 1 equivalent) was added freshly prepared 100 mM
sodium ascorbate. Reactions were incubated at room temperature and
then spun down and washed six times with PBS.

sfGFP Conjugation to PGN Microparticles and KLH. Samples
were prepared as mentioned above using dibenzocyclooctyne
(DBCO)-conjugated sfGFP incubated at 12 mg/mL with S. aureus
PGN (ATCC 25923 or other strains as described; from 4 mL of
culture) containing an azido-D-ala. PGN samples were incubated and
rotated for 96 h at room temperature and purified by spinning down
and resuspending in PBS six times. Alternatively, Cys-3-GFP was
mixed 1:1 each 10 mg/mL with maleimide KLH (Imject). KLH
samples were prepared per the manufacturer’s recommendation (2 h
in 1× PBS). KLH was purified away from GFP using successive passes
through a 100 kDa concentrator (Amicon) until no unconjugated
GFP was seen in solution. Quantification of the GFP concentration in
each sample was done using a standard curve of GFP fluorescence
(GraphPad Prism Version 9).

RBD Reduction Reaction and Conjugation to Maleimide-
DBCO. The previously prepared SARS-CoV-2 RBD was reduced by
the addition of one molar equivalent TCEP and left to incubate at
room temperature for 1 h. Samples were then buffer exchanged into
PBS using a PD-10 column (Cytiva). Following reduction, the RBD
was mixed with two molar equivalents of maleimide-PEG4-DBCO and
left to react for 2 h at room temperature. A PD-10 column was used to
isolate the reacted RBD from unreacted maleimide.

RBD Conjugation to Isolated PGN. The previously prepared
SARS-CoV-2 RBD conjugated with maleimide-PEG4-DBCO was
mixed at 2 mg/mL to SH100 PGN microparticles (PGN micro-
particles isolated from 4 mL of SH1000 S. aureus culture). Prior to
conjugation, the RBD was sterile filtered using a 0.22 μm filter.
SH1000 PGN microparticles were boiled at 100 °C for 20 min to
sterilize them, as they could not be filtered due to their size. These
mixed reactions were rocked at room temperature for 3 days and then
spun down (13,000g) and resuspended six times with PBS.

GFP Conjugation Evaluation. sfGFP-conjugated samples were
analyzed by flow cytometry (BD Accuri C6), and the mean
fluorescence intensity of the conjugated samples was divided by
that of the unconjugated samples (exact sample conditions as
mentioned above, but PGN lacked the clickable handle) and is
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plotted in Figure 2. Samples compared were turquoise (clicked) to
orange (unclicked) (Figure S3a). Data were analyzed using flowJo.
Quantification of RBD Conjugation. To quantify the amount of

the RBD in solution, we developed a standard curve dot blot using
His-tagged sfGFP and the RBD. sfGFP-conjugated KLH or PGN
microparticles (of a known sfGFP concentration, as determined with a
standard curve) were dotted in duplicate on a nitrocellulose
membrane (1.8 μL dots, Thermo Fisher) in twofold dilutions.
Unknown concentrations of RBD-conjugated KLH or PGN micro-
particles were also dotted in duplicate. In a final lane, unmodified
PGN microparticles were dotted as a control. An anti-his dot blot was
conducted as follows. The blot was dried for 15 min in a fume hood.
Following drying, 10 mL of a 1× PBST + 5% blotting grade blocker
(Bio-Rad) was added for 10 min. Two microliters of the mouse anti-
hexa His antibody (BioLegend) was added to the 10 mL sample and
incubated for 1 h at room temperature. Blots were washed 16 times
with 9 mL of PBST. Ten milliliters of the 1× PBST + 5% blotting
grade blocker with 2 μL of anti-mouse IgG1 (Abcam) was added and
incubated for 1 h at room temperature. Blots were washed 16 times
with 9 mL of PBST, developed using the Pierce ECL Western blotting
substrate and imaged using a GE Amersham imager 600. Dots were
quantified using the gel analysis protocol in Fiji (Version 1.0, ImageJ),
and curves were fitted, and unknown concentrations were evaluated
using a linear regression in GraphPad Prism 8.4.1.
Guinea Pig and Rabbit Serum Stability Assays. Samples of

sfGFP-conjugated PGN microparticles (ATCC: 25923) were
incubated in 25% guinea pig or rabbit serum and 75% RPMI with
shaking at 37 °C for 62 h. At 0, 1, 10, 24, 38, 48, and 62 h, 100 μL of
samples was taken and flash frozen using liquid nitrogen. Following
isolation of the final timepoint, samples were thawed simultaneously,
added to a v-bottom plate, and analyzed by flow cytometry (BD
Accuri C6). Gates were drawn to encompass PGN microparticles, and
the mean fluorescence intensity and raw counts were collected.
Curves were fit using a one-phase decay in GraphPad Prism 8.4.1.
Mutanolysin Digestion and Silver Stain Analysis. Ten

microliters of 10 μg/mL sfGFP-conjugated PGN microparticles in
1× PBS was digested with 10 ng of mutanolysin (Sigma) followed by
incubation overnight with shaking at 37 °C. Following digestion, a
silver stain was conducted (Pierce, Thermo Fisher). The gel was run
in clean running buffer (Bio-Rad), washed five times in ddH2O, fixed
with 30% ethanol:10% acetic acid for 15 min, and replaced with the
same solution for another 15 min. The gel was then washed with 10%
ethanol and ddH2O twice for 5 min. Sensitizer working solution was
made (one part Silver Stain Sensitizer and 500 parts ultrapure water)
and incubated with the gel for 1 min. The gel was then washed twice
for 1 min with ddH2O. Next, the gel was incubated for 30 min in Stain
Working Solution (one part Silver Stain Enhancer with 50 parts Silver
Stain). The gel was washed twice in ddH2O and then added to
Developer Working Solution (one part Silver Stain Enhancer with 50
parts Silver Stain Developer) and incubated until protein bands
appeared. This reaction was quenched with 5% acetic acid, washed
once quickly, and incubated in 5% acetic acid for 10 min.
Guinea Pig Immunizations. Male guinea pigs were given

intramuscular immunizations containing 2.5 μg of GFP in 100 μL
of each sample (Josman LLC). Prior to immunizations, samples were
mixed 1:1 with 1× PBS (PGN and KLH without Freund’s samples)
or 1:1 with Freund’s complete adjuvant (primary) and Freund’s
incomplete adjuvant (subsequent immunizations) for KLH-GFP
Freund’s samples. Immunizations occurred on Day 0, 28, and 112,
and bleeds were conducted on Day 0, 28, 42, and 126. Animal studies
were conducted according to the regulations set forth by USDA under
the Animal Welfare Act (7 U.S.C. 2131 et seq.) and the policies set
forth by the National Institutes of Health through the Office of
Laboratory Animal Welfare.
Mouse Immunizations. Samples of sfGFP-PGN microparticles

from a variety of species and SARS-CoV-2 RBD-PGN microparticles
from SH1000 or comparable KLH controls were prepared in 1× PBS
at a concentration of 10 μg/mL of sfGFP or the SARS-CoV-2 RBD.
The GFP concentration in each sample was quantified using a
standard curve of GFP fluorescence; the RBD was quantified with a

standard curve produced by dot blot (described above). One
microgram of GFP or the RBD (in 100 μL) of each sample was
immunized intramuscularly into BALB/C mice (Jackson Laboratory).
Immunizations and bleeds occurred following the schedules described
in the figures.

Biolayer Interferometry. Guinea pig serum was analyzed using
an Octet Red96. Serum was directly diluted into 1:100 into PBST +
bovine serum albumin. Streptavidin biosensors were loaded with 100
nM biotinylated sfGFP that had been biotinylated using maleimide-
peg11-biotin (EZ-Link) as described above. Sensor tips were
baselined in a 1:100 dilution of pre-immune serum, left to associate
in 1:100 post-immune serum, and then dissociated back in the pre-
immune serum. Plots were made using GraphPad Prism 8.4.1.

Serum ELISAs. ELISAs were done essentially as previously
described.79 Briefly, plates (Maxisorb) were coated in 50 μL of 5
μg/mL sfGFP or the RBD for 2 h at room temperature. Plates were
washed three times with 1× PBST and then blocked with 1× PBST
with 0.5% bovine serum albumin (GFP) or ChonBlock (RBD) for at
least 1 h at room temperature. Plates were washed once with 1×
PBST, 50 μL of serial dilutions of guinea pig or mouse serum in 1×
PBST was added to the plate for 1 h at room temperature, and the
plates were washed three times with 1× PBST. An anti-guinea pig
horseradish peroxidase secondary antibody (Abcam) at a 1:10,000
dilution or anti-mouse or anti-mouse IgG1/IgG2a/IgG2b (Abcam) in
1× PBST was added to each well and incubated for 1 h at room
temperature. Finally, plates were washed four times with 1× PBST,
and 50 μL of 1-Step Turbo TMB-ELISA Substrate Solution (Thermo
Fisher Scientific) was added to each well. Plates were quenched with
50 μL of 2 M H2SO4 and read on a spectrophotometer. Data were
visualized, and EC50 was calculated using GraphPad Prism 8.4.1.

SARS-CoV-2 Neutralization. Target cells used for infection in
viral neutralization assays were from a HeLa cell line stably
overexpressing the SARS-CoV-2 receptor, ACE2, and the protease
known to process SARS-CoV-2, TMPRSS2. Production of this cell
line is described in detail by Rogers et al., 2020,78,88 with the addition
of stable TMPRSS2 incorporation. ACE2/TMPRSS2/HeLa cells
were plated at 5000 cells per well on white-walled, clear-bottom 96-
well plates (Thermo Fisher Scientific) 1 day prior to infection. On the
day of the assay, dilutions of serum were made into sterile D10
medium [500 mL of DMEM + 10% FBS, 5 mL of L-glutamate,
penicillin, and streptomycin (5 mL of 100×), and 10 mM HEPES] to
a final volume of 60 μL. For viral neutralization assays, mouse serum
was centrifuged at 2000g for 15 min and heat inactivated for 30 min at
56 °C. Samples were run in technical duplicate in each experiment. All
other wells contained only D10 medium. A virus mixture was made
containing the virus of interest (e.g., SARS-CoV-2 with a 21-amino
acid deletion at the C terminus), D10 medium, and polybrene (final
concentration 5 μg/mL). Virus dilutions into medium were selected
such that a suitable signal would be obtained in the virus-only wells
(luminescence > 10,000 RLU). Sixty microliters of this virus mixture
was added to each of the inhibitor dilution to a final volume of 120 μL
in each well. Virus-only wells contained 60 μL of D10 medium and 60
μL of the virus mixture. Cell-only wells contained 120 μL of D10
medium. The serum dilution/virus mixture was left to incubate for 1 h
at 37 °C. Following incubation, the medium was removed from the
cells on the plates made 1 day prior, replaced with 100 μL of
inhibitor/virus dilutions, and incubated at 37 °C for approximately 48
h. Infectivity was read out by measuring luciferase levels 48 h post-
infection: 50 μL of medium was removed from all cells, and then, cells
were lysed by adding 50 μL of BriteLite assay readout solution
(PerkinElmer) into each well. Luminescence values were measured
with a BioTek Synergy HT Microplate Reader (BioTek). Each plate
was normalized by averaging cell-only (0% infectivity) and virus-only
(100% infectivity) wells. Normalized values were fit with a three-
parameter non-linear regression inhibitor curve in GraphPad Prism
9.1.0 to obtain IC50 values.

SARS-CoV-2 Spike Pseudotyped Lentivirus Production. Viral
transfections were done in HEK293T cells using a calcium phosphate
transfection reagent. Six million cells were seeded in D10 medium in
10 cm plates 1 day prior to transfection. A five-plasmid system was
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used for viral production.78 The Spike vector contained the 21-amino
acid truncated form of the SARS-CoV-2 Spike sequence from the
Wuhan-Hu-1 strain of SARS-CoV-2 (GenBank: BCN86353.1). The
plasmids were added to D10 medium in the following amounts: 10 μg
of pHAGE-Luc2-IRS-ZsGreen, 3.4 μg of FL Spike, 2.2 μg of HDM-
Hgpm2, 2.2 μg of HDM-Tat1b, and 2.2 μg of pRC-CMV-Rev1b in a
final volume of 1 mL; subsequently, 30 μL of Bio T was added.
Transfection reactions were incubated for 10 min at room
temperature and then filled to 10 mL with D10 medium. These
samples were added slowly to plated cells without medium. After 24 h
(post-transfection), medium was removed and replaced with fresh
D10 medium. Viral supernatants were harvested 72 h post-
transfection by spinning at 300g for 5 min followed by filtering
through a 0.45 μm filter. Viral stocks were aliquoted and stored at
−80 °C until further use.
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