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ABSTRACT Group A Streptococcus (GAS) is a preeminent human bacterial pathogen
causing hundreds of millions of infections each year worldwide. In the clinical set-
ting, the bacterium is easily identified by a rapid antigen test against the group A
carbohydrate (GAC), a polysaccharide that comprises 30 to 50% of the GAS cell wall
by weight. Originally described by Rebecca Lancefield in the 1930s, GAC consists of
a polyrhamnose backbone and a N-acetylglucosamine (GIcNAc) side chain. This side
chain, the species-defining immunodominant antigen, is potentially implicated in
autoreactive immune responses against human heart or brain tissue in poststrepto-
coccal rheumatic fever or rheumatic heart disease. The recent discovery of the
genetic locus encoding GAC biosynthesis and new insights into its chemical struc-
ture have provided novel insights into the assembly of the polysaccharide, its contri-
bution to immune evasion and virulence, and ideas for safely harnessing its natural
immunogenicity in vaccine design. This minireview serves to summarize the emerg-
ing new literature on GAC, the eponymous cell well antigen that provides structural
integrity to GAS and directly interfaces with host innate and adaptive immune
responses.
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GROUP A Streptococcus AND ITS SPECIES-DEFINING ANTIGEN

treptococcus pyogenes, commonly known as group A Streptococcus (GAS), is a pre-

eminent human pathogen, causing hundreds of millions of infections each year
worldwide. The tremendous global disease burden of this Gram-positive bacterial
pathogen is skewed significantly toward resource-limited parts of the world (1, 2). The
most common GAS disease manifestations are superficial mucosal infections, in partic-
ular pharyngitis (“strep throat”), and skin infections, notably impetigo, which can be
self-limited or effectively managed with oral or topical antibiotics. However, GAS also
has significant invasive disease potential and can disseminate through deep tissues or
the bloodstream to cause sepsis, necrotizing fasciitis, or streptococcal toxic shock syn-
drome, potentially life-threatening conditions without urgent medical or surgical inter-
vention. And unique among human bacterial pathogens in terms of scale, GAS can
trigger hallmark postinfectious, immunologically mediated pathologies, in particular
rheumatic heart disease (RHD), that represent a major source of morbidity and mortal-
ity throughout many parts of the developing world. New strategies for effective treat-
ment and prevention of GAS infection and its complications remain a major public
health priority, with vaccines targeting the pathogen still in earlier stages of develop-
ment or evaluation.
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Minireview

The global success of GAS as a human pathogen and its wide array of disease mani-
festations reflect a complex host-pathogen interaction, with numerous bacterial viru-
lence factors and toxins that act in concert to promote epithelial attachment and bar-
rier disruption, resist innate clearance mechanisms, and provoke host immune and
inflammatory responses (2). Among these bacterial factors is a unique and highly abun-
dant cell wall component, group A carbohydrate (GAC), which is universally conserved
and indeed defines the species. GAC is the basis for accurate and rapid clinical detec-
tion of GAS infection, essential for prescribing prompt and effective treatment to
reduce the risk of invasive infection and postinfectious immune-mediated complica-
tions with potential lifelong consequences (3, 4). However, despite its utility as an
immunodiagnostic and a potential role in triggering autoimmune cross-reactivity post-
GAS infection (see below), little else was understood about GAC until recent years.
New genetic and chemical structure discoveries have shepherded great progress in
understanding the GAC biosynthetic process, its contribution to virulence, and safely
harnessing its natural immunogenicity in vaccine design. This minireview serves to
summarize the current literature on GAC, the eponymous antigen that both defines
and provides structural integrity to GAS.

DISCOVERY OF GAC AND ITS ROLE IN DIAGNOSTICS

In the early days of microbial diagnostics, the different species of beta-hemolytic
streptococci were virtually indistinguishable and became grouped together in a single
rubric as “Streptococcus hemolyticus.” However, during the 1920s and 1930s, Rebecca
Lancefield discovered a series of bacterial cell wall and surface antigens as a means to
identify and classify the beta-hemolytic streptococci. Originally categorized as “C-sub-
stance,” these “group antigens” were eventually identified to be of a carbohydrate na-
ture through her experiments using enzymatic digestions (5). By the 1930s, a molecular
basis for streptococci group classification was established and carried out by antibody-
mediated latex bead agglutination and antiserum protection tests (6). Antibody recog-
nition of group antigens quickly found application for identification of clinically rele-
vant pathogenic streptococci (7) and remains to this day the gold standard for rapid
antigen detection and diagnostics for GAS.

The original classification of beta-hemolytic streptococci into groups A through M
has undergone significant reorganization as the bacterial species were more precisely
characterized and genomic comparisons became possible. Though many beta-hemo-
lytic Streptococcus group classifications were not specific to a single species, the group
A streptococci initially comprised only one species: Streptococcus pyogenes, producing
GAC as a species-unique identifier. Despite the long history of reliable pathogen identi-
fication dependent on GAC, it is only in the last decade that the GAC-encoding operon
and biosynthesis process have been characterized largely due to advancements in
streptococcal genetics and glycobiology techniques, as well as renewed interest in the
potential of GAC as an effective vaccine antigen. Interestingly, anti-GAC antibody
cross-reactivity is now recognized from certain rare group C-variant streptococci strains
(Streptococcus. dysgalactiae subsp. equisimilis) (8, 9) and Streptococcus castoreus, a
recently identified group A streptococcal bacterium isolated from beavers (10); both
bacteria have genetic loci homologous to the operon of GAS genes essential for the
biosynthetic pathway.

GAC CHEMICAL STRUCTURE AND GENETIC BASIS OF ITS BIOSYNTHESIS

The thick Gram-positive GAS cell wall contains peptidoglycan, lipoteichoic acids,
and various structural proteins, but GAC itself makes up a remarkable 30 to 50% of cell
wall composition by weight (11). Antibody binding experiments have found that GAC
is localized primarily to the outermost surface of the cell wall (11) but also intercalated
within a mesh-like structure to the peptidoglycan (12), to which GAC is anchored via
phosphodiester bonds (13). Chemical composition analyses indicate that GAC is com-
posed of a linear polyrhamnose chain decorated with N-acetylglucosamine (GIcNAc)
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side chains (11). Polyrhamnose comprising the GAC backbone are connected by alter-
nating a-.-(1—3) and a-L-(1—2) glycosidic linkages, with the B-p-GIcNAc attached to
every other residue on the rhamnose backbone at position 3 (14). A recent study also
detected glycerol phosphates (GroP) present on the C6-hydroxyl group of approxi-
mately 25% of GIcNAc (15), a significant modification previously undetected due to
harsh extraction methods classically used for GAC purification.

GAC biosynthesis is encoded by a 12-gene cluster (gac operon) that is highly con-
served across GAS genomes. A recent analysis found that 97% of GAS genomes (2,017
of 2,083) had high sequence conservation of >70% sequence homology for the entire
12-gene cluster (16), further supporting conclusions from a smaller data set (17). The
first seven genes of the gac operon (gacABCDEFG) encode for synthesis of the core pol-
yrhamnose structure and are conserved across group A, B, C, and G streptococci (18).
In GAS, some genomes possess frameshift mutations within several gac genes, sug-
gesting that not all genes are essential for survival and the potential existence of com-
pensatory genes (16, 19). To date, not all the genes or their products have been unam-
biguously delineated to specific roles, but recent work has expanded our knowledge
of individual gene functions and the GAC biosynthesis process (summarized in Fig. 1).

Similar to many polysaccharides exposed on the bacterial outer surface, including
capsular polysaccharides and wall teichoic acids, GAC synthesis commences with GacO
affixing GIcNAc to undecaprenyl phosphate (UndP) on the intracellular side of the cell
membrane (12). The gacB gene encodes a rhamnosyltransferase that synthesizes the
committed step in the GAC biosynthesis: translocation of the first rhamnose residue
onto the membrane-bound UndP-GIcNAc acceptor in the inner leaflet of the bacterial
cell membrane (18). Free dTDP-L.-rhamnose is produced from a-glucose-1-phosphate
by the enzymes encoded by gacA and an operon located distally from GAC operon but
well studied for rhamnose synthesis, the rmIABC operon (20). GacA is a metal-inde-
pendent dTDP-4-dehydrorhamnose reductase enzyme, and unlike homologues in the
RmID family, GacA uniquely functions as a monomer instead of a homodimer (20).
Sequential elongation of the polyrhamnose chain is mediated by glycosyltransferases
GacC, GacF, and GacG (18). gacD and gacE encode heterodimers of an ATP-dependent
ABC transporter, actively translocating the completed polyrhamnose chain to the
extracellular side of the cell membrane.

The remaining five genes of the gac operon are predicted to encode functions
extending off the rhamnan chain. GacJ, a small protein associated with the bacterial
membrane, complexes with Gacl for improved catalytic efficiency to produce free
UndP-GIcNAc (18). Though UndP-GIcNAc can freely diffuse across the cytoplasmic
membrane on its own, it is also transported by the Wzx family flippase enzyme GacK to
the extracellular side of the membrane (21). GacL, a putative glycosyltransferase, uses
the UndP-GIcNAc substrate to link GIcNAc to the polyrhamnose (21). GacH cleaves
phosphatidylglycerol to release and attach glycerol phosphate to C-6 on approxi-
mately 25% of GIcNAc, potentially to reinforce attachment and stability of GAC on the
cell wall, though the precise function is unclear (13, 15). Finally, GAC is transferred and
covalently linked to the peptidoglycan layer via phosphodiester bond by an enzyme of
the Lytr-CpsA-Psr (LCP) family. The final glycan has a reported mass that correlates to
an estimated 18 trisaccharide repeating units (22), though different purification meth-
ods result in various average polysaccharide sizes (22, 23).

NEW INSIGHTS INTO GAC FUNCTION

For decades, GAC was assumed to function solely in the structural integrity of the
streptococcal cell wall, but emerging data has expanded knowledge on the role of the
polysaccharide in GAS disease pathogenesis and immunity (Fig. 2). GAC is undeniably a
crucial cell wall component, comprising up to 50% of its mass (11). Depletion of L-rham-
nose (20) or deletion of genes required for synthesis of the GAC polyrhamnose backbone
(17) are lethal to the bacterium, demonstrating the essential role of GAC for cell wall via-
bility. Monte Carlo simulations on nuclear magnetic resonance (NMR) spectroscopy data
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FIG 1 Biosynthesis of the group A carbohydrate (GAC), the most abundant component of the group A streptococcal cell wall. The
schematic summarizes current literature on GAC biosynthesis. Enzymatic processes are noted by gene products in yellow arrows.
The polyrhaman backbone is assembled on the inner leaflet of the cytoplasmic membrane by GacBCFG and then flipped to the
outer leaflet by GacDE complex. The GIcNAc side chain and glycerol phosphates are added onto the GAC by GacL and GacH,
respectively, before a Lytr-CpsA-Psr (LCP) family enzyme transfers and attaches the completed GAC to the peptidoglycan via a

phosphodiester bond. This figure was created on Biorender.com.

predict a conformationally restricted polysaccharide (24), consistent with GAC acting as a
rigid structural support framework for the bacterial cell wall. A functional role(s) of GAC
beyond cell wall structure is less well delineated, in part due to the interconnected net-
work that GAC biosynthesis shares with synthesis of other key cell wall glycopolymers,
including peptidoglycan (12). However, high conservation of polyrhamnose cell wall
polysaccharides (including GAC) in the order Lactobacillales provides supporting evi-
dence that GAC may functionally replace wall teichoic or teichuronic acid structures
found in other Gram-positive bacteria but absent in beta-hemolytic streptococci (12, 25).
This notion implies that GAC performs key roles in pathogenesis, cell shape, regulation
of cell division, and other aspects of bacterial cell wall physiology (26).

Beyond the polyrhamnose backbone that is considered essential, the entire GAS
gac operon is highly conserved and all human clinical isolates express native GAC with
its intact GIcNAc side chain. However, examples in which the polysaccharide will lose
GIcNACc after serial passage in mice and rabbits have been reported (27), suggesting a
role for the side chain in human-specific pathogenicity or immune evasion. Specific
epitopes of various rhamnose cell wall polysaccharides, including other streptococcal
group polysaccharides, promote bacterial resistance to immunological clearance,
though molecular mechanisms are not yet defined (12). The discovery of the gac op-
eron (17) for the first time allowed the generation of an isogenic GAS mutant lacking
the GIcNAc side chain but retaining the polyrhamnose backbone, akin to the “A-vari-
ant” strains isolated following animal passage (27). The GIcNAc-deficient (AGAC) mu-
tant had similar ultrastructural appearance to the parental strain on transmission elec-
tron microscopy and did not exhibit a general defect in cell wall integrity, as
susceptibility to autolysis, reactive oxygen species, lysozyme, nafcillin, or vancomycin
were equivalent to that of the wild type (17). GAS growth in various media was unaf-
fected by loss of the GIcNAc side chain, but the average chain length of the mutant
strains was increased (17).

Despite many phenotypic similarities as described above, a AGAC mutant in the
hypervirulent, globally disseminated M1T1 GAS background was markedly attenuated
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for virulence compared to the parent strain in both murine systemic infection and rab-
bit pneumonia models (17). Moreover, the isogenic AGAC mutant was more suscepti-
ble than the wild-type GAS strain to killing in human whole blood and by purified
human neutrophils, corroborating a function of the GIcNAc side chain in resistance to
immune clearance. Mechanistic studies showed increased killing of GAS to human pla-
telet releasate, rich in cationic antimicrobial peptides, and to the cationic human
defense peptide cathelicidin (LL-37), including surface plasmon resonance confirma-
tion of greater binding of LL-37 to the AGIcNAc mutant GAC versus wild-type GAC
polysaccharide (17). Later, it was found that the GroP modification present on some
GAC GlcNac sidechains is required for cationic bactericidal enzyme human group IIA
secreted phospholipase A2 (hGIIA) to efficiently act against GAS; hGIIA killed GAS
strains lacking GIcNAc at 1/10 the concentration lethal for wild-type GAS (15, 28). The
GacH required for GroP decoration also conveys resistance to zinc toxicity (15), though
the mechanism of protection is not yet understood.

GIcNAc is a common sugar present in glycan structures on mammalian cell surfaces
and extracellular matrix, and GAC side chain is hypothesized to play a role in mimick-
ing human epitopes, perhaps helping GAS avoid immune detection by masking poly-
rhamnose, a nonhuman glycan motif found in bacteria (12), fungi (29), and protozoan
parasites (30). Though human lectins with a precise specificity for rhamnose or poly-
rhamnose have yet to been identified (12), another hypothesis suggests that the
GIcNAc may directly bind host receptors to skew the immune response in favor of bac-
terial survival within the host, as documented with the GIcNAc present in the lipooligo-
saccharide of Neisseria gonorrhoeae (31). It is important to note that the GIcNAc side
chain on GAC is not a universal prerequisite for virulence, as the degree to which loss
of GIcNAc affects GAS susceptibility to innate immune clearance varied among six iso-
genic mutants (M1, M2, M3, M4, M28, and M89 serotypes) constructed using a consist-
ent methodology (19). The authors concluded that the relative contribution of the GAC
GlcNACc side chain to virulence likely depends on the quorum of other virulence factors
that each strain possesses and that an abundance of immune resistance factors
expressed or secreted from the surface of GAS can compensate for the loss of the
GlcNACc side chain in some strain backgrounds (19).
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NATURAL IMMUNOGENICITY OF GAC

Following GAS infection, humans naturally develop antibodies against various GAS
antigens, including GAC. Among these antibodies, antibody titers to streptolysin O
(SLO), a cholesterol-dependent cytolysin produced by GAS commonly serves as a clini-
cal standard to determine recent GAS infections. When humans develop antibodies
against GAC, serum binding assays indicate the anti-GAC antibody peak is slower and
more modest compared to that of SLO. For example, one study found the anti-SLO ti-
ter increased significantly post-GAS infection (228%) compared to a modest increase in
anti-GAC titer (22%) (32). Despite a strong antibody response to GAS infections, the
anti-SLO titer level peaks in children and declines with age (32), suggesting that while
anti-SLO antibodies protect in acute or active infections, they may not provide lasting
immunity or protection. In contrast, mean antibody titers to the GAC in humans
increase slowly with age, peaking between 14 and 17 years of age before decreasing
slightly in the 20s (32); these serum titers strongly correlate with a reduced rate of GAS
infection after 17 years of age (33). Therefore, antibodies recognizing GAC may be im-
portant in development of lasting immunity against GAS infections, despite weak natu-
ral immunogenicity compared to other GAS antigens.

The critical factors for development of immunity against GAC are not well under-
stood. As is the case for other polysaccharides, molecular weight of GAC fragments
plays a role in immunogenicity and the accompanying inflammatory response.
Immunization of rabbits with synthetic GAC polysaccharides of various lengths showed
a significant protective response with a hexasaccharide, equivalent to two repeat units
(22). The hexasaccharide GAC may represent the minimum sufficient antigen, as it con-
tains all possible structural motives of the repeating subunits (22). In a rat arthritis
model, rats injected with larger polysaccharide chains experienced acute edema and
arthritis, while an equivalent mass of polysaccharides composed of smaller fragments
induced arthritis but no edema (34). The inflammatory response to GAC thus varies
depending on the length of the chain, likely due to the differences in molecular recog-
nition and processing of the polysaccharide antigen. The trisaccharide unit branch
point and the size of the total polysaccharide determine the epitopes to which anti-
GAC antibodies bind (24).

Most antibodies directed against the GAC are specific to the GIcNAc moiety, the im-
munodominant epitope of the GAC and the basis for the Lancefield group assignment
(33). Early immunization experiments with A-variant (animal-passaged) GAS strains
lacking GIcNAc confirmed that these strains induced antisera against the polyrham-
nose on GAS (35). Antibodies to purified native GAC are protective in various infection
models and opsonizing across different M-protein serotypes in phagocytosis assays
(33). Likewise, antirhamnan antibodies raised against AGAC enhanced neutrophil opso-
nophagocytic killing of multiple emm serotypes GAS in vitro and protected against le-
thal challenge in a murine passive immunization model (17). As the terminal, beta-
linked GIcNAc sugars play such a dominant role in the serological specificity of the
polysaccharide, concerns for immunological cross-reactivity with mammalian connec-
tive tissues containing this sugar motif have been raised (35) and are discussed in the
subsequent section.

SUSPECTED ROLE OF GAC IN GAS-INDUCED AUTOIMMUNITY

GAS can trigger significant postinfectious, immune-mediated disease sequelae, in
particular acute rheumatic fever (ARF), which if recurrent can lead to rheumatic heart
disease (RHD), a major cause of cardiovascular morbidity and mortality in several
resource-poor regions of the world. ARF may arise following 3 to 6% of GAS pharyn-
gitis infections that are not promptly treated, with the autoimmune reaction affect-
ing the heart, joints, skin and/or central nervous system (36), the latter including the
syndrome of Sydenham’s chorea, reflective of basal ganglia dysfunction (37).
Uncommon in adult subjects, ARF is most frequently seen in children and adoles-
cents 5 to 15 years of age (4, 38), coinciding with the peak incidence of GAS
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pharyngitis cases. ARF and progression to RHD can be prevented with the use of pri-
mary and secondary antibiotic prophylaxis to target GAS, respectively (39). Current
diagnostic criteria for ARF, originally published in 1944 as the Jones criteria and
updated in 1992, feature a list of major and minor clinical manifestations but also
require documentation of recent GAS infection via positive throat culture, positive
rapid antigen test, or elevated/rising streptococcal antibody titer (typically anti-strep-
tolysin O and sometimes anti-DNase B) (40).

Original studies by Goldstein isolated glycopeptides from human heart valves that
share immunological properties with the GlcNac side chain of GAC (41). Anti-strepto-
coccal monoclonal antibodies derived from human ARF patients that reacted with
heart cells were then noted to bind the glycoprotein laminin found in the basement
membrane underlying human heart valve endothelium (42). Further studies found that
responses against GIcNAc were strongly linked to antibody responses against cardiac
myosin and other alpha-helical coiled-coil proteins, including streptococcal M proteins
(43, 44); these alpha-helical peptide motifs are hypothesized to underpin cross-reactiv-
ity between GAC epitope and the myocardium or heart valves (42, 45).

Individual monoclonal antibodies against the GIcNAc epitope have been isolated from
patients with rheumatic carditis (45) and Sydenham’s chorea, one of the Jones criteria for
ARF that affects neuronal cell signaling (46), suggesting that the same epitope may be re-
sponsible for multiple ARF manifestations. Of note, one such monoclonal antibody from an
ARF patient that recognized native GAC on the wild-type GAS surface did not recognize an
isogenic GAS knockout mutant that lacked the GIcNAc side chain (17). Overall, ARF patients
had two- to threefold-higher concentrations of anti-GAC antibodies at the initial time point
of illness compared to GAS pharyngitis patients (47), and elevated levels of serum antibod-
ies recognizing GAC persisted for longer periods of time in patients with RHD compared to
the normal rate of decline in ARF patients without carditis (48).

However, the presence of cross-reactive antibodies in and of itself does not establish a
central role in promoting ARF/RHD pathogenesis; a sustained immune response must also
be driven to break tolerance. Models have been proposed in which anti-GIcNAc antibodies
attach to the valvular endothelium and trigger upregulation of CXC chemokine ligand 9
(CXCL9)/Mig, which attracts CD8" and CD4* T cells, and vascular cell adhesion molecule-1
(VCAM-1), which facilitates the extravasation of these T cells into the heart valve tissue
(reviewed in reference 49). However, a comparison of sera from healthy rabbits and GAC-
immunized rabbits demonstrated no significant difference in antibody binding to fixed
human tissues (50) or human cardiac tissue lysates via enzyme-linked immunosorbent
assays (ELISAs) (17), suggesting that GAC may not be sufficient or solely responsible for the
development of ARF. A clinical trial for a M-protein-based GAS vaccine in the 1960s
sounded alarm when 3 of the 21 participants developed suspected or definite ARF (51),
leading the U.S. Food and Drug Administration to issue a ban on GAS vaccine develop-
ment that was not lifted until after an expert panel brought together in 2005 by the U.S.
National Institute of Allergy and Infectious Diseases demonstrated the therapeutic poten-
tial and need for a GAS vaccine (52). Research can proceed; however, the panel clearly
established the need for safety and testing for autoreactivity as a special requirement spe-
cific for GAS vaccines. The incompletely understood mechanism(s) of ARF/RHD immunopa-
thology remains a critical knowledge gap(s), and next-generation biomarkers to detect
early signs of these diseases are urgently needed to help steer the development of a safe
and effective GAS vaccine (53).

GAC AS A CANDIDATE GAS VACCINE ANTIGEN

GAS differs from other prominent human streptococcal pathogens, notably group B
Streptococcus (GBS) and Streptococcus pneumoniae, which express immunodominant
exopolysaccharide capsules that confer serotype specificity, promote virulence, and
are validated as vaccine antigens (54). Rather, the polysaccharide capsule expressed by
the vast majority of GAS strains is composed of high-molecular-weight hyaluronic acid,
a ubiquitous component of host tissues, and therefore immunologically inert (55).
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TABLE 1 Group A streptococcal immunization strategies utilizing the group A carbohydrate (GAC)

Vaccine GAC Formulation Reference(s)
GAS CHO-TT Native wild-type Conjugated to tetanus toxoid (TT) Sabharwal et al. (50)
CRM197 conjugates Synthetic wild-type of various Conjugated onto CRM197 Kabanova et al. (22)
isomers (6-mer and 12-mer)
GAC-SP0435 conjugate Native wild-type and mutant Conjugated to recombinant pneumococcal protein SP_0435 van Sorge et al. (17)
(elongation factor)
AGAC-ADI Native mutant Conjugated to arginine deiminase (ADI) Rivera-Hernandez
et al. (60)
C5a peptidase-GAC Synthetic wild-type in various Conjugated to C5a peptidase Zhao et al. (63),
oligomers (3-mer, 6-mer, 9-mer) Wang et al. (59)
GAC glycoconjugates Native wild-type Random conjugation to CRM197, streptolysin O, SpyCEP, Di Benedetto et al. (64)
or SpyAD
Nanoparticle formulation  Synthetic polyrhamnose Conjugation to gold nanoparticles Pitirollo et al. (65)
SpyAD-GACPR Native mutant Site-directed conjugation to SpyAD Gao etal. (61)
Trirhamnosyl-lipopeptide Synthetic trirhamnose Conjugation to a self-adjuvanting Ac-PADRE?lipid core Khatun et al. (62)

aAc-PADRE, acetyl pan-HLA-DR binding epitope.

Instead, GAS serotype specificity is conferred by the hypervariable N-terminal domains
of the surface M protein, encoded by more than 200 emm gene variants, among which
cross-protection is not ensured (56, 57). Against these complexities, the species defin-
ing GAC antigen has several hallmarks of an ideal GAS vaccine candidate. GAC is uni-
versally conserved, essential for GAS survival, abundant on the bacterial cell surface,
and accessible to antibody binding regardless of degree of encapsulation (22).
Whereas human sera rarely contain antibodies to multiple M-protein serotypes, IgG
antibody against GAC, present in sera from children from diverse geographic areas,
promoted opsonophagocytosis of several M-type-specific GAS strains in a titer-de-
pendent manner (33). That said, native GAC has two key limitations as a vaccine anti-
gen: (i) large polysaccharides alone are not sufficiently immunogenic to generate a ro-
bust vaccine immune response, and (ii) potential safety concerns due to potential
autoreactivity related to ARF/RHD discussed above.

Polysaccharides covalently linked to a carrier, including immunogenic proteins,
lipopeptides, or gold nanoparticles, can become effective vaccine antigens, such as
the approved polysaccharide capsule protein conjugates found in approved vac-
cines for S. pneumoniae, Haemophilus influenzae type B, and Neisseria meningitidis.
To boost immunogenicity of the native GAC, several studies have employed conju-
gation methods that generated protective antibody responses in animals (summar-
ized in Table 1). Classic protein carriers employed include modified bacterial toxins
such as tetanus toxoid (50, 58) or CRM,4,, a nontoxic mutant diphtheria toxin (22).
Original murine challenge studies using two different M serotype GAS strains
showed that immunization with tetanus toxoid-GAC conjugates protected against
intranasal colonization and intraperitoneal lethal infection (50). Subsequently, syn-
thetic GAC molecules of various lengths were conjugated to CRM,,, and used to
determine size-dependent immunogenicity—a synthetic dodecasaccharide (equiva-
lent to four trisaccharide repeating units of native GAC) was sufficient to generate
antibody titers equivalent to purified native GAC and elicited a protective response
in infectious challenge (22). GAC sequences of various sizes were also conjugated to
GAS surface protein C5a peptidase and induced IgG1 antibodies that promoted
opsonophagocytic killing; immunized mice showed reduced lung injury and mortal-
ity following GAS challenge in a pneumonia model (59).

The discovery of the GAS gac operon allowed targeted mutagenesis of the bacte-
rium to eliminate the GIcNAc side chain on GAC and subsequent purification of the
polyrhamnose backbone (GACPR) from the resulting mutant (17). GAC™® has been
explored as a potential universal GAS vaccine antigen theoretically devoid of the auto-
immunity concerns ascribed to the GIcNAc moiety. Using an immunogenic pneumo-
coccal protein as a carrier for wild-type GAC and GACPR, it was found upon conjugation
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that GACPR was sufficient to generate anti-GAC antibody responses comparable to
native GAC (17); the GACPR conjugated onto arginine deiminase, a streptococcal pro-
tein and virulence factor, also induced strong anti-GAC antibody titers in BALB/c mice
and afforded partial protection in mouse bacteremia and skin infection models (60).
For enhanced immunogenicity and broad coverage of GAS strains, our own recent
study (61) examined the use of a multivalent vaccine formulation composed of C5a
peptidase, SLO, and GACPR conjugated to GAS surface protein SpyAD. This use of multi-
ple, highly conserved GAS proteins in addition to GAC™® induced broad immunity to
multiple GAS strains of different serotypes as demonstrated by opsonophagocytic kill-
ing assays and two different murine models of GAS infection without evidence of
cross-reactivity to human heart or brain tissue lysates (61). Finally, a new study success-
fully elicited anti-GAC antibodies using a synthetic rhamnose-GIcNAc trisaccharide con-
jugated to a lipopeptide that was engineered to self-assemble into immunogenic, self-
adjuvanting lipid-core complexes (62). Opsonic activity resulting from immunized mice
showed 75 to 97% protection against four different clinically relevant strains of GAS
and proved that GIcNAc was not required for the vaccine antigen to induce protective
immunity (62). Collectively, these studies suggest that GAC (wild type or modified to
lack GIcNAc) may potentially be sufficient as a universal vaccine antigen for protective
immunity against GAS but requires boosted immunogenicity achieved by a variety of
different adjuvants or conjugation strategies.

CONCLUSIONS

The Lancefield GAC antigen has played a prominent historical role in medical microbi-
ology and a crucial clinical role in the laboratory diagnosis of GAS. For nearly a century,
the abundance, conservation, and universal presence of GAC in human GAS isolates
implied an essential function in cell wall structure and bacterial survival. However, it has
only been with the recent discovery of the biosynthetic gac operon that mechanistic
research into GAC assembly and other potential functional roles in host immune evasion
and resistance to bactericidal proteins or metals became possible. Development of natural
immunity against GAC spurred its potential as a universal GAS vaccine antigen, but this
has met with caution due to correlations between its GIcNAc side chain and important
autoimmune sequelae of RHD or Sydenham’s chorea. Identification and functional under-
standing of the genetically encoded biosynthetic process and chemical approaches to
GAC component synthesis have enabled immunogenicity studies of modified GAC (e.g.,
GACPR) that might allay these safety concerns.

A number of unanswered questions remain that can guide future research. What are
the roles of conserved genes in the GAC operon to which a biochemical function has yet
to be ascribed? What GAS strain-specific differences impact the variable contribution of the
GAC GIcNAc side chain to innate immune resistance and virulence? Since GAS strains lack-
ing the GAC GIcNAc are identified on animal passage and retain some measure of experi-
mental virulence, what unique aspect(s) of human infection and immunity explains its uni-
versal conservation among human clinical isolates? What are the specific host antigen
molecules expressed in heart or brain tissue that could be targets of cross-reactive autoim-
munity induced by GAC GIcNAc, and is there an immunogenetic basis to identify the sub-
set of individuals in which such reactions could be of concern? Finally, can antibodies
directed against the polyrhamnose core prove sufficient to recognize GAC in all strains,
even those expressing thick hyaluronic acid capsules?

Ultimately, should further elucidation of the immunobiology of the eponymous
species defining GAC contribute to GAS disease prevention as well as diagnostics, it
would indeed be a fitting tribute to the outsize legacy of Rebecca Lancefield.
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