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Group A Streptococcus (GAS) causes extensive global morbidity and rising rates
of invasive disease, for which clinical outcomes remain poor despite antibiotic
treatment of susceptible strains. This limitation of current therapy underscores
the need for alternative or adjunctive approaches. Antibody-based interventions
represent a promising but underexplored strategy. Historically, the streptococcal
M protein was considered an unsuitable therapeutic target due to its sequence
variability and concerns about autoreactivity. These perceptions arose largely
from early murine hybridoma studies, peptide-based immunizations, and
functional assays that disproportionately emphasized hypervariable epitopes.
Recent advances now challenge these longstanding views. Improved structural
and functional analyses, human monoclonal antibody discovery, and more
sensitive measurements of phagocytosis and opsonization demonstrate that
conserved regions of M protein can support effective immune engagement.
Newly described mechanisms, including dual-Fab binding and antibody-
dependent remodeling of the bacterial surface, further reveal unexpected
layers of antibody function during GAS infection. This review integrates
historical and modern insights into M-protein immunobiology and discusses
how antibody engineering may enhance therapeutic activity. We also consider
how monoclonal antibodies could be deployed alongside antibiotics and
adjunctive treatments. Together, these developments support a reassessment
of M protein as a viable target for antibody-based therapies against GAS.
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Group A Streptococcus — a highly
evolved human pathogen

Current challenges and the need for novel
therapeutics

The human immune system has co-evolved with Group A
Streptococcus (GAS), or Streptococcus pyogenes, leading to its
remarkable ability to adapt and persist within human populations
(1). Current estimates suggest that around 20 percent of children
are asymptomatic carriers of GAS, with markedly lower rates
among adults (2). While GAS typically evades our immune
systems effectively, it can also cause a broad range of diseases.
These include mild super cial infections like pharyngitis and
impetigo. Although these infections are generally self-limiting,
they should be treated with antibiotics since repeated GAS
infections substantially increase the risk of developing post-
streptococcal in ammatory syndromes such as rheumatic heart
disease (RHD). Additionally, GAS can more rarely cause severe
invasive diseases, including streptococcal toxic shock syndrome
(STSS) and necrotizing fasciitis (3).

GAS causes approximately 700 million symptomatic infections
annually (4). While these are mainly super cial, estimates suggest
that GAS infections result in over 500,000 deaths per year, primarily
caused by RHD and invasive disease manifestations. The
overwhelming burden of GAS disease falls on low-income regions
(the Global South) and marginalized groups even in high-income
countries, where limited access to healthcare prevents prompt
antibiotic treatment (5). However, even in these countries, reports
have shown a steady rise in deadly GAS infections as well as
postinfection autoimmune sequelae (6). A particularly dramatic
example occurred after the social distancing measures put in place
due to the COVID-19 pandemic were lifted. A sharp rise in severe
invasive GAS infections was reported globally, especially amongst
children (7).

Notably, GAS treatment has changed little since the discovery of
antibiotics. Unlike many other bacterial pathogens, GAS has
retained its sensitivity to penicillin and its derivatives. However,
in recent years, this trend has begun to shift with increased reports
of GAS strains showing reduced b-lactam sensitivity (8).
Additionally, US treatment guidelines recommend combining b-
lactams with clindamycin for greater effectiveness in severe GAS
infections (9), but over the past decade, resistance to macrolides and
clindamycin has risen sharply (from 13% to 33%) (10). This
suggests that soon, even in the Global North, treating what were
once simple super cial infections may become challenging. Such a
development could lead to a signi cantly higher incidence of
poststreptococcal autoimmune complications worldwide, along
with increasingly dif cult-to-treat invasive infections. Therefore, it
is crucial to prioritize the development of novel and effective
preventive and therapeutic strategies.
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Diversity of M protein serotypes: clinical
and pathogenic implications

A de ning feature of Streptococcus pyogenes biology is the
extraordinary diversity of its M protein, encoded by the emm gene
(11). Sequence variation within the N-terminal hypervariable region
has led to the classi cation of more than 275 distinct emm types (12),
often referred to as M serotypes. This diversity is not merely
taxonomic; it has profound consequences for immune recognition,
epidemiology, and clinical disease manifestations, and it represents
one of the central obstacles to both vaccine- and antibody-based
therapeutic development.

Clinically, different M protein serotypes are strongly associated
with speci c disease phenotypes and tissue tropisms. Certain emm
types, such as emml, emm3, emm12, and emm28, are
disproportionately represented among invasive GAS infections,
including necrotizing fasciitis and STSS (13). Other serotypes are
more commonly linked to super cial infections such as pharyngitis
or impetigo (14). However, it is important to note that because
invasive disease manifestations have extremely high mortality rates,
they represent an evolutionary dead end for the infectious agent, as
transmission to other hosts is far less likely. Moreover, although
invasive disease has been associated with certain emm types, it is
more closely linked to individual host risk factors (15, 16). Overall,
these associations between certain emm types and speci ¢ disease
outcomes are not absolute but re ect differences in virulence factor
expression, regulation, and host interactions that are at least partly
mediated by the M protein itself. For example, highly invasive
emml strains often express M proteins with strong brinogen-
binding capacity, promoting immune evasion and excessive
in ammation in the bloodstream (17).

M protein diversity also underpins marked differences in
pathogenic mechanisms among serotypes. Structurally, M
proteins can be grouped into patterns (A-C, D, and E), based on
the presence or absence of speci ¢ repeat regions (18). For example,
A-C pattern M proteins are frequently associated with throat
infections and invasive disease (13, 15) and often possess
extended, unstable N-terminal regions that can sequester a wide
range of host factors, thereby contributing to immune evasion (19—
22). These structural differences in uence how each serotype
recruits host proteins such as brinogen, complement regulators,
or immunoglobulins, thereby shaping the local immune landscape
and determining the bacterium’s capacity to resist opsonization (23,
24). From an immunological perspective, serotype diversity enables
GAS to persist at the population level through immune escape.
Antibodies elicited against the hypervariable region of one M type
typically confer little or no protection against others, allowing
reinfection with heterologous strains throughout life (25). This
phenomenon explains both the high prevalence of repeated GAS
infections and the historical focus on type-speci ¢ immunity.
However, it also creates a paradox: while type-speci ¢ antibodies
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can be strongly opsonic, they offer narrow protection, whereas
antibodies targeting conserved M protein regions may provide
broader coverage but vary widely in functional ef cacy (26-28).

Importantly, not all serotypes are equivalent in their
interactions with antibodies. Differences in M protein length,
conformational dynamics, and host-protein binding can modulate
antibody accessibility and downstream effector functions. As a
recent study demonstrated, monoclonal antibodies can show
markedly different opsonic activity across emm types (26),
underscoring that pathogenicity is an emergent property of
both serotype and host context. Together, the extensive
serotypic diversity of the M protein explains much of GAS's
epidemiological success and clinical heterogeneity. Any effective
therapeutic strategy — particularly those centered on M protein
targeting — must therefore account not only for antigenic variation,
but also for the functional and pathogenic differences that
distinguish one M protein serotype from another.

Importance of vaccine development and
adjunctive therapies

As is often the case from a public health perspective, preventing
disease should always be the main goal. This approach is also most
bene cial economically, as vaccines require infrequent administration
and can reduce the need for future medical treatments. This is
especially critical for the Global South, where many lack the nancial
resources to afford medication for repeated super cial GAS infections.
Therefore, it is not surprising that the pursuit of a GAS vaccine began
over 100 years ago (29). However, these efforts ended quickly in 1969
when a vaccine triggered cases of acute rheumatic fever. Vaccine
research resumed after the ban was lifted in 2006 and has advanced
toward candidates based on different GAS components (30). Even the
most effective vaccines can never fully prevent disease - particularly if
large portions of the population remain unvaccinated. Additionally,
some individuals cannot be vaccinated or are at risk because they are
severely immunocompromised. This means that in the event of an
antibiotic-resistant GAS infection, new treatments will be necessary.

As previously mentioned, current therapy for GAS infections
involves eradicating the bacteria with antibiotics, particularly the b-
lactam antibiotic penicillin (31). Cephalosporins, clindamycin, and
macrolides can be administered in the case of allergy to penicillin
(32-34). For severe, invasive infections, studies have found that a
combination of a b-lactam and clindamycin can effectively reduce
mortality (35, 36). Additional treatments such as corticosteroids and
vasopressors are often used, but these only stabilize the patient and do
not eliminate the infection source (37). Surgery is unfortunately not
uncommon when antibiotics are administered too late and bacterial
infection has already led to widespread soft tissue necrosis in
conditions such as necrotizing fasciitis and myositis (38). This real
lack of curative therapies often leaves physicians searching for
anything that might help their critically ill patients. Therefore,
high-dose pooled intravenous immunoglobulins (IVIG) are
sometimes administered. The rationale is that a portion of the
antibodies from many healthy donors will recognize GAS antigens,
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due to the widespread exposure of GAS to the general population (39,
40). These antibodies may work by neutralizing GAS virulence factors
or by marking the bacteria so they can be phagocytosed by certain
leukocytes, a process called opsonization, rst described by
Metchnikoff for GAS in 1887 (29). While the idea of using IVIG is
reasonable, the reality is more complicated. Many studies have
examined the ef cacy of IVIG in treating severe infections. Results
so far have been inconclusive: some show bene t, others show little to
no effect (41, 42). Asigni cant challenge is the lack of standardization
in IVIG preparations — since they are human-derived biologics,
batches vary in their content of GAS-speci ¢ antibodies, leading to
inconsistent results, for instance in the ability to neutralize the
bacterial enzyme SpeB (43). Additionally, such therapies carry risks
like aseptic meningitis, renal dysfunction, and hemolysis (44).
Moreover, as with all human-derived biologics, there is a risk of
transmitting bloodborne diseases if proper screening isn’t followed
(45). We believe these issues could be addressed by developing highly
speci ¢ therapeutic monoclonal antibodies (mAbs) against GAS.

A complex and dynamic surface landscape
driven by M protein

Antibodies that reach GAS encounter a highly dynamic and
environmentally responsive surface. Beyond the array of native
bacterial surface proteins and the prominent hyaluronic acid
capsule, which provides a non-immunogenic shield against
phagocytosis, GAS recruits numerous human plasma or mucosal
proteins to its surface. Central to this remodeling is the M protein, a

brillar coiled-coil molecule that serves as a multipurpose scaffold
for binding diverse host proteins—including brinogen, albumin,

bronectin, plasminogen, factor H, and C4b-binding protein (46)
(Figure 1A). These interactions are both emm-type and context-
dependent: in the bloodstream, M protein predominantly binds

brinogen and complement regulators, forming a cloak that inhibits
opsonization and phagocytosis; in mucosal environments like
saliva, M protein interacts with different sets of host proteins such
as mucins or salivary immunoglobulins (20). This dynamic layering
of host proteins is not merely decorative; it actively reshapes how
the immune system perceives the bacterium and can sterically block
antibody access to conserved epitopes (47). Additionally, proteomic
studies show that the GAS surface proteome and the layer of bound
host proteins vary signi cantly across environments, highlighting
the adaptability of M protein-host interactions (48, 49).
Understanding this adaptive surface remodeling is vital for
designing mAbs that remain effective across multiple infection sites.

Soluble M protein pathology and potential
antibody bene ts

Beyond its surface role, M protein can be shed in soluble form,
which directly contributes to pathology (Figure 1B). Free M
protein forms complexes with human brinogen, triggering
massive neutrophil activation and vascular leakage, thereby
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A Dynamic protein interactions at the surface
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FIGURE 1
The complex and dynamically remodeled surface landscape of GAS. (A) GAS secretes a range of virulence factors that interfere with antibody
function. These include shed or cleaved M protein that diverts antibodies from intact bacteria, the IgG-speci c protease IdeS that cleaves antibodies
at the hinge, and the endoglycosidase EndoS that removes Fc glycans and impairs Fc-mediated effector functions. Together, these secreted factors
reduce the effectiveness of naturally acquired or therapeutic antibodies. (B) The GAS surface is continuously remodeled through M-protein-
mediated recruitment of host proteins. Depending on environmental context and emm type, M protein binds distinct sets of plasma or mucosal
components—including brinogen, albumin, bronectin, plasminogen, factor H, C4b-binding protein, mucins, and immunoglobulins—resulting in a
dynamic “host-protein cloak.” This layering modulates opsonization ef ciency, alters antibody accessibility to bacterial epitopes, and drives extensive
variation in the observed surface proteome across niches.

underpinning the systemic toxicity of invasive GAS infections GAS employs highly sophisticated

(50). Thus, a monoclonal antibody targeting M protein  strategies to evade antibody-mediated
might neutralize these soluble complexes and mitigate the immunity

hyperin ammatory cascade. While, to date, no studies have

directly demonstrated that anti-M antibodies can neutralize GAS has evolved an exceptional arsenal to neutralize or evade
soluble M protein— brinogen complexes in vivo, this remains an ~ human antibodies (Figure 1B). M protein can not only bind the Fc
attractive hypothesis. Indeed, subsequent work showed that region of IgG and IgA (53, 54), thereby inverting antibody
certain anti-M1 antibodies can modulate or even potentiate this ~ orientation and preventing Fc receptor engagement, but also
response under speci ¢ conditions (51, 52), highlighting both the  serves as a scaffold for recruiting host immune regulators such as
therapeutic promise and the mechanistic complexity of targeting ~ C4b-binding protein (C4BP) and factor H (55, 56), which suppress
M protein. This pathological role of soluble M protein highlights ~ complement activation on the bacterial surface, diminishing
why simply measuring antibody binding is insuf cient; functional  synergy with antibody opsonization. Most critically, GAS secretes
assays such as neutralization, phagocytosis, and complement  specialized enzymes that directly disable antibodies: IdeS cleaves
activation are essential. 19G at the hinge region, leaving F(ab)'2 and Fc fragments, blocking
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opsonization (57); EndoS removes conserved N-glycans from the Fc
domain of IgG, impairing Fcg receptor binding and downstream
effector functions (58). These immune evasion strategies are
context-dependent: expression of 19gG-modifying enzymes and Fc-
binding domains varies across strains and is modulated by
environmental cues, such as the shift from mucosal to systemic
infection. Compounding this, GAS can mask its surface with host
proteins such as albumin, bronectin, and brinogen, potentially
forming a barrier that impedes access by speci ¢ anti-M antibodies
(54, 59, 60). Together, these redundant and dynamic systems make
GAS remarkably resistant to antibody-mediated clearance, posing
signi cant challenges for the development of vaccines and
therapeutic antibodies.

Targeting the M protein: opportunities
and challenges

Early studies of anti-GAS mAbs and
autoimmunity

The therapeutic potential of antibodies against bacterial
infections has deep historical roots. Passive immunization with
polyclonal sera, pioneered by von Behring and Kitasato in the late
19th century, rst demonstrated that circulating antibodies could
neutralize microbial toxins (61). Although human polyclonal
preparations remain in limited clinical use (62), their
heterogeneity and variable speci city motivated the shift toward
monoclonal antibody (mAb) technologies, which offer greater
reproducibility and de ned antigen targeting.

The development of hybridoma technology in the 1980s
enabled the production of murine mAbs against various GAS
antigens, and many of these studies focused on the relationship
between GAS infection and autoimmunity. Murine mAbs raised
against GAS surface proteins, including the M protein and the
group A carbohydrate, revealed that some clones cross-reacted with
cardiac and cytoskeletal proteins such as myosin, keratin, and actin
(63-66). These ndings supported the hypothesis that molecular
mimicry drives autoimmune pathology in rheumatic heart disease
(67) and helped identify N-acetyl-b-D-glucosamine and epitopes
within M protein as major autoreactive determinants (68, 69). Early
human mAbs derived from tonsillar or peripheral lymphocytes of
previously infected individuals also exhibited autoreactivity, with
some clones binding both myosin and recombinant M6 despite
being raised against an M5 strain (64). These pioneering efforts
clari ed how GAS infection can generate cross-reactive antibodies,
but they provided limited insight into which antibody speci cities
were actually protective.

A crucial limitation of many early mAb studies was the absence of
assays that directly measured immunological function. Investigators
often catalogued binding and cross-reactivity, but few assessed
whether these mAbs could opsonize or facilitate killing of GAS. An
early systematic attempt to evaluate functionality came in 1988, with
a test of 19 murine mAbs against native M6 protein for bactericidal
activity in human blood. Only one clone, targeting the N-terminal
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hypervariable region (HVR), enabled complete killing (70).
Subsequent peptide immunizations reinforced this nding,
establishing the widespread assumption that only type-speci c
HVR antibodies are protective—an idea that shaped M-protein
vaccine development for decades (30, 71).

However, several methodological and structural factors undercut
the generality of these conclusions. First, murine antibodies interact
inef ciently with most human Fc receptors (72, 73), raising the
possibility that many “non-functional” murine mAbs would have
behaved differently if expressed as human 1gG subclasses (and the
ones used were not known). Second, the bactericidal assay used in
these classical studies measures only endpoint survival and cannot
distinguish failure of opsonization from bacterial resistance to
downstream killing mechanisms. Third, the immunogens used in
these experiments were often short peptides from structurally
unstable regions of M protein.

M proteins, including the prototypical M6 (an A-C type M
protein), contain A/B repeat regions enriched in heptad-disrupting
residues that destabilize the coiled coil and generate a spectrum of
conformations (19, 74, 75) (Figure 2A). In contrast, the C-terminal
repeats form stable, rigid coiled coils. Short peptides from the
inherently unstable HVR more closely resemble their native
structural ensemble than peptides derived from the more stable
conserved regions, which require the full coiled-coil context to fold
correctly. As a result, peptide immunization in mice was structurally
biased toward producing protective HVR-speci ¢ antibodies, not
because deeper conserved epitopes are non-functional, but because
they were not presented in a native-like conformation. This raises the
important question of which protective antibodies may have been
overlooked due to the use of improperly folded peptide immunogens.
Future immunization strategies that stabilize M-protein segments on
an ideal coiled-coil scaffold (76) could help reveal a broader
functional epitope landscape.

By the 2010s, improved B-cell screening methods and more
sensitive functional assays enabled the identi cation of human
mAbs with diverse activities against GAS. These included murine
and human mAbs targeting FbaA or SsE with varying degrees of
prophylactic and therapeutic bene t (77, 78). Taken together, the
historical record highlights both the conceptual progress made and
the limitations imposed by early methodologies. Many long-standing
assumptions, especially the idea that only HVR-speci ¢ antibodies
are functional, re ect the combined effects of species-mismatched Fc
interactions, insensitive bactericidal assays, and the structural
peculiarities of M-protein peptide immunogens. Correspondingly,
newer antigenomics-based serology has shown that conserved
streptococcal proteins elicit robust IgG in humans (40), suggesting
that earlier peptide-focused immunization strategies underestimated
the range of naturally targeted epitopes. Updating these frameworks
is essential for modern therapeutic antibody development.

Human mAbs targeting M protein

Concurrently, advances in antibody discovery, such as single B-
cell sorting and high-throughput sequencing, enabled isolation of
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FIGURE 2
Structural dynamics of streptococcal M protein and implications for antibody targeting. (A) M proteins are coiled-coil dimers composed of
characteristic sequence motifs called repeats. All M proteins contain C and D repeats, whereas only a subset also contains A and B repeats in the
N-terminal region. These upper repeats are enriched in destabilizing residues that promote local unfolding and refolding of the coiled-coil, creating
substantial conformational exibility. This dynamic behavior, combined with the dimeric nature of the molecule, generates a mixture of linear and
conformational epitopes that may shift between stable and transient states, complicating epitope targeting and antibody design. (B) The M protein
comprises both highly variable and conserved regions. Although antibodies can bind across the length of the molecule, only a small subset of
epitopes elicit functional, opsonic responses. Recent work identi ed a human monoclonal antibody capable of a distinctive “dual-Fab cis” binding
mode, where both Fab arms simultaneously engage two different epitopes on the same M protein. This unusual geometry stabilizes binding and may

provide a promising blueprint for therapeutic antibody development.

human mAbs against GAS M protein. In a recent study we
identi ed several human mAbs binding the conserved central
region of M protein. One antibody, designated Ab25, exhibited a
particularly notable binding mechanism, with both Fab arms
simultaneously recognizing distinct epitopes on the same M
protein molecule — representing a novel ‘dual-Fab cis binding’
mode) (26)(Figure 2B). This unique binding mode may explain
why, when multiple antibodies target particular regions of M
protein, those that exert dual-Fab cis binding can trigger a
stronger immune response. The speci ¢ epitope is likely critical as
well. Importantly, Ab25 not only triggered phagocytosis and NF-kB
signaling, it also recognized a conserved epitope pair spanning the
B-C domain, allowing it to bind and opsonize a wide range of emm
types (26).

Similarly, polyclonal 1gG in plasma from patients recovering
from invasive GAS infection was found to contain opsonic, cross-
reactive antibodies that recognized multiple emm types. However,
somewhat surprisingly, the patient’s own convalescent serum
antibodies were, to a greater extent, non-opsonic against that
patient’s infecting emm type (79). In other words, the broad
polyclonal response in plasma had functional gaps for the speci ¢
strain involved. Despite this complexity, these ndings suggest that
cross-reactive Abs may confer enhanced protection both through
their ability to recognize multiple strains and their intrinsically
improved functional properties. These and similar ndings (80)
counter previous assumptions that protective, bactericidal
antibodies must be emm type speci ¢ and will likely bolster
efforts to develop a vaccine based on a conserved segment of the
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M protein since this could be a straightforward approach to induce
a narrow epitope assembly, yielding a more focused immune
response capable of protecting against a broad range of emm type
strains (81).

Complex mADb interactions with GAS

Our work highlights that antibody binding can, in some cases,
in uence the molecular composition of the GAS surface. We observed
that engagement of the M protein by certain mAbs increased

bronectin deposition on the bacterial surface, an effect observed not
only with the strongly opsonic Ab25 but also with the non-opsonic
Ab49 antibody (22). This suggests that antibody-induced modulation
of host-factor binding may be a broader property of M-protein—speci ¢
antibodies rather than a feature unique to any single clone.
Importantly, this enhancement occurred mainly under conditions of
low competing antibody levels, such as saliva or low-serum
environments, and was reduced or absent when physiological
concentrations of polyclonal 1gG were present, indicating that it is a
context-dependent effect rather than a dominant characteristic of
antibody binding. The physiological signi cance of this phenomenon
remains unclear, particularly given that Ab25 still provides robust
protection in mouse models (26, 82), although these lack some human-
speci ¢ factors. Overall, these ndings highlight the need to consider
indirect, M-protein-mediated effects when evaluating therapeutic
mADbs or designing M-protein—based vaccines, while recognizing that
such effects do not necessarily predict in vivo performance.
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