
Protection induced by a human monoclonal

antibody recognizing two different epitopes in a

conserved region of streptococcal M proteins

Wael Bahnana, Lotta Happonena, Hamed Khakzadb,c, Vibha Kumra Ahnlidea, Therese de Neergaarda, Sebastian Wrightona,

Eleni Bratanisa, Di Tanga, Thomas Hellmarkd, Lars Björcka, Oonagh Shannona, Lars Malmströma,e, Johan Malmströma, and

Pontus Nordenfelta�

aLund University, Faculty of Medicine, Department of Clinical Sciences Lund, Infection Medicine, SE-22184 Lund, Sweden.
bEquipe Signalisation Calcique et Infections Microbiennes, Ecole Normale Superieure Paris-Saclay, 91190 Gif-sur-Yvette, France.

cInstitut National de la Sante et de la Recherche Medicale (INSERM) U1282, 91190 Gif-sur-Yvette, France.
dd Lund University, Skane University Hospital, Department of Clinical Sciences Lund, Nephrology, Lund, Sweden.

ee Institute for Computational Science, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland.

Group A streptococci have evolved multiple strategies to evade

human antibodies, making it challenging to create effective vac-

cines or antibody treatments. Here, we have generated anti-

bodies derived from the memory B cells of an individual who

had successfully cleared a group A streptococcal infection. The

antibodies bind with high affinity to the central region on the

surface-bound M protein. One antibody could effectively pro-

mote vital immune functions, including phagocytosis and in vivo

protection. Remarkably, this antibody only interacts through

dual-Fab cis mode, where the Fabs bind to two distinct epitopes

in M protein, and with conserved binding across strains. In

contrast, another antibody binding to a single epitope in the

same region does not bypass the M protein’s virulent effects.

A broadly-binding, protective monoclonal antibody is a strong

candidate for anti-streptococcal therapy. It also highlights the

concept of dual-Fab binding and the accessibility of conserved

regions for immune antibody targeting.
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Introduction

Antibodies are essential components of the immune system
used to recognize and neutralize external intruders such as
pathogenic bacteria. They are produced by B cells after
their B cell receptor reacts with a specific antigen in the
lymphoid tissue. B cell maturation and antibody responses
have evolved to allow for an extraordinary variety enabling
the binding of most foreign antigens. V(D)J recombination
events, as well as somatic hypermutation, give rise to a
vast repertoire of antibody variable domains (1, 2). B cell
activation, clonal expansion, maturation, and class switching
result in the generation of IgG antibodies that offer long term
protection against infectious agents (3).

An IgG antibody is a Y-shaped molecule composed of two
identical Fab fragments and one Fc domain, where the unique
binding specificity is mediated via the Fab interaction. IgG
typically binds the antigen with either one of the two Fabs.
The two Fabs can bind to two copies of the same antigen

to increase binding strength through avidity, a process that
is dependent on the antigen density and organization (4).
We designate this latter form of binding as dual-Fab trans
binding. When bound to their target, IgG molecules carry
out effector functions by triggering clustering of Fc receptors
on immune cells (5), which induces cell signaling and leads
to a variety of downstream effects such as phagocytosis,
immune recognition, and activation (6).

Group A streptococcus (GAS) is a common human pathogen
causing significant morbidity and mortality in the human
population and is an important causative agent of severe
invasive infections (7, 8). The bacterium has evolved an
extensive array of measures to counteract the human immune
response (9), including resistance to phagocytosis (10, 11),
and several immunoglobulin-targeting mechanisms (IdeS
(12), EndoS (13), protein M/H (14)). The streptococcal M
protein, a virulence determinant, has a long coiled-coiled
structure with different regions (A, B, S, C, and D). These
regions are typically associated with distinct protein inter-
actions and bind many components of the humoral immune
response (15, 16) such as C4BP and factor H, and forms
complexes with fibrinogen (17) that can induce vascular
leakage (18) and contribute to phagocytosis resistance
(19, 20). The M protein can also reduce phagocytosis by
reversing the orientation of IgG by capturing IgG Fc domains
((14, 21). These pathogenic mechanisms deprive the immune
system of crucial defenses, allowing GAS to disseminate
within a host and across the population.

Although GAS infections generate a humoral immune
response, repeated exposures seem to be required to generate
protective memory B cell immunity (22). There are few
candidates for anti-bacterial monoclonal antibody therapy
in general (23), and none available for GAS. Much effort
has been allocated to developing vaccines against GAS
(24), with the prime immunizing antigen being M protein,
particularly with M protein-based peptides (25). Yet, no
effective vaccine against GAS has been approved to date. It
is unclear what makes it so difficult to generate immunity,
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Figure 1
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Fig. 1. Antigen-baiting allows the development of human single cell-derived M-specific antibodies. A B cells were isolated using Rosettesep B and were FACS sorted
into single lymphocytes which were live (Syto9-FITC negative), expressing CD19 (PE), lacking CD3 (BV510) and which were dually positive for IgG and M protein (BV410 and
AF647, respectively). B SF370 (GFP-transformed) bacteria were stained with the shown antibody and a secondary Fab anti-Fab antibody (conjugated to AF647) was used
to generate the signal for flow cytometric analysis. The number in the upper right corner of the flow histograms indicates the median fluorescence intensity. C The specificity
of the successful antibodies was assessed by comparing the staining of WT SF370 and ∆M SF370. The bacteria were stained as in (B) with the aforementioned antibodies
and were analyzed by flow cytometry. D A schematic representation of an IgG antibody. E Binding curves of antibodies to SF370 give estimate of affinity to M-protein. The
affinity of the specific antibodies is approximately 250-1500 times higher than that of IgGFc binding to M-protein. Each plot here shows the measured binding (red error bars)
of specific antibody to mid-log grown SF370 or the M mutant as a function of the total antibody concentration, together with a fitted binding curve using least squares method
(blue curve). The bottom three plots are controls with a non-specific antibody that have been normalized according to the fitting of the bottom left binding curve, making the
binding comparable across the three controls. KD values for the fitting are given in each plot, together with a confidence interval calculated using the Bootstrap method. The
binding was measured using flow cytometry. The antibodies (antibody fragments) used are shown in the top-right side of each graph. The plots show no binding of the specific
antibodies to the M mutant (orange error bar) at the highest measured total antibody concentration. F Different M serotypes of GAS were heat killed and then prepared as in
(B) and tested for reactivity against IdeS-cleaved Ab25, 32, 49 or untreated (UT, only secondary). The bacteria were analyzed by flow cytometry and the data was presented
as a heat map. The displayed data is the combined result of three or more independent experiments.

but potentially formation of antibody subsets is suppressed
by immunodominant regions (26) or the presence of cryptic
epitopes (27). In severe life-threatening invasive GAS infec-
tions, intravenous IgG antibodies (IVIG) from human pooled
plasma have been used as therapy, even though reports on
their efficacy show contradictory results (28, 29, 30, 31). In
the virus field it is well-established that certain antibodies
have strong neutralizing abilities depending on epitope,
binding angle, and glycan composition (32). So far, few
studies have investigated the properties that constitute a
protective antigen-specific antibody response against GAS.

Here, we have generated anti-M protein antibodies, derived
from a healthy donor who had previously undergone a

GAS infection. When exposed to GAS and M protein, the
antibodies bind and exert various effects, and we identify
a new type of interaction where the two identical Fabs of
one of the monoclonal IgG antibodies simultaneously bind
to two distinct epitopes. We designate this form of binding
as dual-Fab cis binding. Importantly, this broadly-binding
antibody efficiently promoted all types of studied protective
immune functions, including bacterial agglutination, NFkB
activation, phagocytosis, and in vivo protection.

Results

Antigen-baiting allows the development of human

single-cell derived M-specific antibodies. To under-
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stand what constitutes a protective antibody towards GAS
infection, we generated functional human antibodies and
analyzed their effects on virulence. We choose M protein as
a target antigen, with a donor that had successfully cleared
a streptococcal infection as a source of M protein-specific
antibodies. To identify human antibodies with specificity
towards streptococcal M protein, we isolated CD19+ CD3−

IgG+ M+ B cells by baiting donor B cells with fluorescently
conjugated M protein (Fig. 1A). The M protein we used
is derived from an M1 serotype strain. We opted to use
an M1 protein without knowing what serotype infected
the original patient in order to increase the likelihood
of identifying cross-strain reactive antibodies. Cloning
RT-PCR of the variable regions of the heavy and light chains
yielded ten antibody pairs (Supp. Fig. 1A). SDS-PAGE and
mass spectrometry analysis of the antibodies expressed in
HEK293 showed correct expression of the intact antibodies
(Supp. Fig. 1B). Several antibodies showed clear reactivity
to surface-bound M1 protein on GAS (strain SF370), the
most common M protein among GAS isolates (Fig. 1B).

Further experiments with three selected antibodies using a
∆MM SF370 mutant strain lacking the M1 protein, demon-
strated that binding of Ab25, 32, and 49 to the streptococcal
surface was M protein-dependent (Fig. 1C). We could
confirm that all three antibodies could be found in the donor
serum through mass spectrometric analysis of proteotypic
peptides. We measured the antibody binding affinities to
the surface of SF370 with either intact antibodies or F(ab’)2

fragments (Fig. 1D), the latter to avoid contribution from
M1´s binding to IgGFc (Åkesson et al., 1994). Intact
Xolair (Omalizumab, anti-IgE) showed a KD of (3.2x10−6

M−1), signifying a low binding affinity in concordance with
previous reported IgGFc affinity for purified M1 protein
(3.4x10−6) (14). F(ab’)2 fragments of Ab25, 32, and 49 had
considerably higher affinities for M1; 2.3x10−9, 9.1x10−9,
and 12.3x10−9 M−1, respectively (Fig. 1E). To assess the
reactivity of Ab25, 32 and 49 across different GAS M
serotypes, we measured the binding of the antibodies to GAS
emm serotypes 1, 4, 5, 8, 12, 28, 75, 79, 81, 87, 89, 104, and
179. We discovered that Ab25 and Ab49 have similar broad
reactivity against these serotypes, with the strongest relative
binding to emm4 and emm79, and with lowest relative
binding to emm5 (Fig. 1F). The cross-reactivity pattern was
different for Ab32, including lack of binding to some strains.

Characterization of anti-M antibodies. To characterize
the identified anti-M1 antibodies, we performed a panel of
biochemical and immunological assays. We used structured
illumination microscopy (SIM) immunofluorescence (IF)
to visualize the anti-M binding pattern on the surface of
SF370. Binding to the M protein shows a similar punctate
distribution along the surface of the organism with all the
monoclonal antibodies, including the Fc-mediated Xolair
binding (Fig. 2A). IVIG, which contains pooled IgG from
thousands of donors, instead stained the whole surface of the
bacteria indicating expected polyspecific coverage (Fig. 2A).

Ab25 showed the best reactivity with M protein using an
anti-M ELISA (Fig. 2B), whereas Ab32 showed the best
binding to M protein in Western blot (WB) experiments
(Fig. 2C). Taken together, the data from IF, ELISA, and WB
indicate that the three monoclonals have different modes of
binding to the M1 protein.

Antibody-mediated bacterial agglutination is a well-
documented antibody function and has important biological
significance such as enchaining bacteria for effective im-
mune clearance (33, 34). Another well-known interbacterial,
GAS-specific phenomenon is the formation of M-dependent
bacterial aggregates at the bottom of the growth tube (35).
While it is not possible to grow GAS without having any
self-aggregation, the antibodies greatly enhanced bacterial
agglutination. Both the triple antibody cocktail as well as
individual antibodies led to dose-dependent agglutination,
as is also the case with donor serum from the patient
from which the M-reactive B cells were obtained (Fig. 2D,
Supp. Fig. 2B). This enhancement was not observed for the
ΔM strain, further validating that the antibody-dependent
agglutination is an M-specific phenomenon. Agglutinated
bacteria, as well as the typical GAS aggregates, could be dis-
sipated by vigorous vortexing in the presence of the anti-M
antibodies or plasma (Supp. Fig. 2C). GAS agglutination
and aggregate dissolution were most pronounced in Ab25,
49, and to a lesser extent with Ab32, while Xolair (with only
IgGFc-binding) had no effect.

Through ligating their antigens and mediating antigen
uptake, antibodies also activate macrophages leading to
proinflammatory cytokine production (36). We addressed the
antibody-dependent M protein-induced immune activation
using THP-1 X-Blue reporter cells, which secrete SEAP
(secreted embryonic alkaline phosphatase) as a quantitative
indicator of NFκB activation. We found that M protein
alone cannot induce NF-B signaling. However, combining
M protein with Ab25 led to a significant 2.8-fold increase in
NFκB activation when compared to M protein with Xolair
(Fig. 2E). Combining M protein with Ab49 had a modest
effect on NFκB activation (1.6-fold, ns), whereas its com-
bination with Ab32 had no impact (1.2-fold). Combining
all three antibodies led to a significant cumulative 3.9-fold
increase in NFκB activation, probably due to the combined
amount of Ab25 and 49. Interestingly, we also found that
IVIG does not elicit the same antibody-mediated NFκB
activation upon THP-1 exposure to the IVIG-treated M
protein (1.4-fold). The combined biochemical and immuno-
logical characterization of the monoclonals shows that all
are specific for M protein, bind to different epitopes, and can
induce immunological effects, and that Ab25 has the most
potent effect overall.

Anti-M antibody promotes efficient phagocytosis.

Phagocytosis is a receptor-mediated process where prey are
internalized into phagosomes, followed by their maturation
into acidic, hostile compartments (37). To investigate the

Bahnan et al. | bioRχiv | 3

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 19, 2021. ; https://doi.org/10.1101/2021.03.01.433494doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.01.433494
http://creativecommons.org/licenses/by-nc-nd/4.0/


D

Self-aggregation Agglutination

detector

light

slow fast

Figure 2
A

E

WGA Ab Merge

Ab25

Ab32

Ab49

IVIG

Xolair

B

NFkB activation

SIM immuno昀氀uorescence

Agglutination

ELISA C Western blot

W
T ΔM W

T ΔM

ΔMWT

0 1.5 2.5 3.5
0.00

0.05

0.10

0.15

Time (h)

O
D

60
0

0 1.5 2.5 3.5
0.0

0.1

0.2

0.3

Time (h)

Xolair
Ab Mix
Plasma

1 2 3 4 5
0.00

0.05

0.10

0.15

0.20

0.25

Time (h)

O
D

60
0

1 2 3 4
0.00

0.05

0.10

0.15

0.20

0.25

Time (h)
5

UT
Xolair
Ab25
Ab32
Ab49
Plasma

W
T ΔM W

T ΔM

Ab32 Ab49 XolairAb25

45

kDa

PBS
Ab2

5
Ab3

2
Ab4

9
Xola

ir
Ab2

5
Ab3

2
Ab4

9
Xola

ir
0.0

0.1

0.2

0.3

0.4

0.5

A4
50

10 µg/ml 1 µg/ml

**

*

0.0

0.1

0.2

0.3

0.4

O
D

65
0

M1
Ab mix IVIGXolairUT Ab25 Ab32

**

****

Ab49
+ - + - + - + - + - + - + -

Fig. 2. Figure 2. Characterization of anti-M antibodies. A Structured illumination microscopy (SIM) super resolution imaging was performed on bacteria stained with
IdeS cleaved α-M antibodies and probed with Dylight488-conjugated Fab α-Fab fragments. AF647-conjugated WGA was used as a counter stain to highlight the bacterial
structures. The scale bar represents 5 µm. B Antibodies were tested for reactivity against the M protein in an ELISA assay. Xolair and PBS were used as negative controls.
The absorbance at 450 nm was measured and plotted as an average of quadruplicate wells. C Protein lysates from logarithmically grown WT and ∆M SF370 bacteria were
run on SDS-PAGE and after blotting, were probed with the mentioned antibodies at a concentration of 2 µg/ml. D Time course analysis of the effect of the antibody mix (B)
or individual antibodies (C) used at 100 µg/ml each on bacterial agglutination was assessed by OD600 measurements. E THP-1-blue cells were treated with M1 protein (2
µg/ml) with or without anti-M specific antibodies. The data shown is from triplicate samples, representing experiments which were done three times. Error bars represent the
SEM. Statistical significance was assessed using a one-way ANOVA with Kruskal-Wallis multiple comparison correction. * denotes p< 0.05, ** for p< 0.01, *** for p< 0.001
and **** for p< 0.0001).

ability of the antibodies to trigger phagocytosis, we used
persistent association-based normalization (38) to study both
the antibodies’ ability to increase phagocyte association as
well as internalization. We incubated phagocytic THP-1
cells with pH-sensitive CypHer5-stained bacteria (Supp

Fig. 3A) at increasing multiplicities of prey (MOP). We
combined Ab25, 32, and 49 to assess their cumulative effect
on bacterial association with THP-1 cells. Compared to
Xolair, the antibody mix and, to a lesser extent, IVIG mod-
estly increased the association of the bacteria with THP-1
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cells (Fig. 3A). This can be seen as a left shift in the curve,
meaning that fewer bacteria are required to achieve maximal
association. When tested individually, only Ab25 showed
increased association of bacteria to phagocytes, indicating
that the antibody mix-mediated increase in association is
solely due to Ab25 (Fig. 3B). The antibody mixture increased
internalization when compared to Xolair, and the divergence
between the two treatments was increased as a function
of MOP (Fig. 3C). Upon a more detailed examination of
individual antibodies, only Ab25 showed an increase in
internalization (Fig. 3D). Dose-response analysis showed
that Ab25 is significantly more effective than Xolair in medi-
ating internalization (concentration at which 50% of THP-1
cells have internalized bacteria; EC50 0.8 vs. 40.2 µg/ml)
(Fig. 3E). The phagocytosis data showed that despite strong
Fab-mediated binding and induction of other immunological
effects by all monoclonals, only one antibody, Ab25, can
promote phagocytosis of group A streptococci. We have
shown earlier (Fig. 1F) that Ab25 possesses broadly reacting
potential against different M types. For that reason, we
tested its ability to opsonize and mediate the phagocytosis
of non-M1 serotypes. Opsonization with Ab25 led to an
increased phagocytic efficiency of the M1 (SF370 and
AP1), M12, and M89 serotype strains, whereas the M5
was efficiently phagocytosed by THP-1 cells regardless if a
binding opsonin was employed or not (Supp. Fig. 3B)

Anti-M antibody protects mice from GAS infection.

The induction of phagocytosis and NF-B, as seen with Ab25,
are important indicators of immune function. To test the
potential protective effects of Ab25 in vivo, we used a mouse
model of subcutaneous infection with GAS. We opted to
only test Ab25 in our in vivo model since none of the other
antibodies gave any indications of immune activity. The
mice were pretreated with intraperitoneal injections of Ab25
or IVIG. High-dose IVIG have been used in mice models of
severe GAS infections (39) and served as a positive control.
Treatment with IVIG or Ab25 reduced the bacterial burden
in the spleen, kidney, and liver when compared to untreated
controls, with Ab25 exhibiting better protection than IVIG
(Fig. 4A). Ab25 or IVIG treatment also reduced the cytokine
mobilization of TNFα, MCP-1, and IL-6 in plasma (Fig. 4B).
The levels of IFNγ, IL-10 and IL-12p70 were below the
level of detection under our experimental conditions. Taken
together, the agglutination, NF-kB, phagocytosis, and animal
experiments show that Ab25 has an immunomodulatory
effect, which can protect an animal from GAS infection.

Structural epitope characterization reveals dual-Fab

cis binding mode of interaction. Antibodies that bind
via their Fabs with high affinity are typically expected
to promote an immune response. However, only Ab25
promoted all of the tested immune effector functions. To
assess structural differences and their mode of binding, we
performed targeted cross-linking coupled to mass spectrom-
etry (TX-MS) (40) of the M-protein and the antibodies.
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Fig. 3. Anti-M antibody promotes efficient phagocytosis. A THP-1 cells were
incubated with increasing MOPs of heat killed SF370 bacteria (opsonized with 10
µg/ml Xolair, anti-M antibody mix or IVIG). The THP-1 cells were allowed to asso-
ciate with and internalize the bacteria for 30 minutes before flow cytometric analysis.
The curves represent the percentage of cells that were associated with bacteria as
a function of the MOP. The inset displays the MOP50 for each opsonization con-
dition. B The MFI of THP1 cells in the FITC channel indicates the effect of each
antibody on bacteria association to THP1 cells at MOP 400. C THP-1 cells were
incubated as in (A) but only the percentage of cells with internalized bacteria were
plotted for each MOP. D MFI of THP-1 cells which had internalized bacteria pre-
opsonized with 10 µg/ml individual antibodies are presented at an MOP of 400
(internalized bacteria channel). E Heat killed SF370 opsonized with Ab25 or Xolair
at a range of concentrations (0.017-40 µg/ml) were incubated with THP-1 cells at
MOP 150. Phagocytosis was assessed as in (B). The data shown in this figure is
from the pooled results of three independent experiments. Error bars represent the
SEM. Statistical significance was assessed using one-way ANOVA with Kruskal-
Wallis multiple comparison correction and * denotes p< 0.05, ** for p< 0.01, *** for
p< 0.001 and **** for p< 0.0001.

TX-MS first models quaternary conformations of protein
complexes that are, in a second step, confirmed by targeted
cross-linking analysis of the most high-scoring models. The
high-resolution models of the Fab fragments of Ab25, Ab32,
and Ab49 to their respective epitopes on M protein (Fig. 5)
revealed a high degree of structural similarity between Ab25
to Ab49 over the CDR H3 loop (RMSD 1.0Å), whereas
the conformation of Ab32 CDR H3 is more divergent
(Fig. 5B-C). The conservation at the primary amino acid
sequence level of Ab25 and Ab49 is less evident (Fig. 5A).
The subsequent targeted cross-linking analysis resulted
in the identification of ten cross-linked peptides between
Ab25 and M1-protein. These cross-links are found between
the F(ab’)2 and two different regions on the M-protein,
indicating that Ab25 has two different binding-sites in
the B-S-C region (Fig. 5D and Fig. 5F, Supp. Table 1,
Supp. Fig. 4A-J). Superimposing the cross-linked distant
constraints onto high-resolution docking models, shows that
Ab25 F(ab’)2 can simultaneously bind the two cross-linked
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Fig. 4. Anti-M antibody protects mice from GAS infection. C57/BL6 mice were
pretreated with 10 mg IVIG or 0.4 mg Ab25 per mouse prior to subcutaneous infec-
tion with 106 CFU of GAS (S. pyogenes AP1). The animals were sacrificed after 24
hours. A The bacterial burden in spleen, kidney and liver tissue was measured by
colony counts. B Cytokine levels in plasma was assessed using a cytometric bead
array. The data is pooled from two independent experiments (5 mice per condition,
per set). Statistical significance as assessed using one-way ANOVA with Kruskal-
Wallis multiple comparison correction and * denotes p< 0.05, ** for p< 0.01, *** for
p< 0.001 and **** for p< 0.0001.

epitopes without inducing large conformational changes
in the hinge region. This implies that Ab25 is capable of
dual-Fab binding in an intramolecular cis-binding fashion to
two distinct, non-identical epitopes. In contrast, the cross-
link analysis of M-Ab49 generated two unique cross-linked
peptides confined to only the upper epitope found with Ab25
(Fig. 5E, Supp. Table 1, Supp. Fig. 4K-L). Intriguingly,
Ab25 binds across the M1 protein S-region (Fig. 5F) that has
previously only been associated with Fc-mediated binding
(14, 21).

To further investigate the differences in the observed binding
sites, we used site-localization microscopy (41), where the
relative distance between fluorescently labeled cell wall and
antibody binding epitopes is determined by repeated mea-
sures of individual bacteria (Fig. 5G). The height analysis
showed that all monoclonal F(ab’)2 fragments bind close
to the Fc binding domain (S) on the M1 protein (compared
to Xolair Fc binding), which supports the TX-MS results.
Since the antibodies appear to interact with epitopes close to
the Fc binding S domain (as seen in Fig. 5D-F), we further
investigated if any of the antibodies could interfere with Fc
binding. The dual-Fab cis binding of Ab25 covers the S
domain (colored in orange in Fig. 5D, F) and would obstruct
Fc binding, whereas single Fab interactions would have a
smaller or no interference with Fc-binding. We measured the
binding of fluorescent Xolair to SF370 bacteria that had been
preincubated with antibody samples (Fig. 5H). Both blood

plasma from the original B cell donor and Ab25 significantly
obstructed Fc-binding, whereas IVIG, Ab32 and Ab49 did
not. Since Ab49 and Ab25 share one similar epitope, located
above the S region, it indicates that binding there alone is not
sufficient to disrupt the Fc interaction, and strongly suggests
that this is due to a dual-Fab cis binding capacity of Ab25.

Dual-Fab cis mode of interaction is required for

functional antibody binding. Dual-Fab cis antibody
binding of two identical Fabs to two different epitopes on a
single protein is, to our knowledge, a novel, previously not
observed, mode of antibody interaction. Combined with the
fact that dual-Fab cis binding is connected with a clear gain
in immunological protective function prompted us to verify
this finding and elucidate the particular nature of Ab25’s
dual-Fab binding capacity. First, we investigated the ability
of single Ab25 Fabs to obstruct Fc binding. We used IgdE
protease (42) to prepare intact single Fabs of Ab25. If bind-
ing of single Fabs to either Ab25 binding site on M protein
could sustain a steric hindrance, we should see a reduction
in Fc binding. However, Fc binding was not affected by
single Ab25 Fabs (Fig. 6A), suggesting that obstruction of
Xolair binding occurs via dual-Fab binding. Second, since
Ab25 works well in ELISA (Fig. 2B), we wanted to see if
we could inhibit Ab25 binding with M1-based fragments
(Supp. Fig. 5B) that only harbors one of the binding sites.
If Ab25 could bind to the single epitopes on their own, it
should be possible to reduce binding with the fragments.
However, M1-binding was not affected by the fragments
(Fig. 6B), nor could we see binding to the fragments in a
non-competitive ELISA assay (Supp. Fig. 5A). Third, we
wanted to see how well different forms of the antibodies
could bind to bacteria. We compared the binding of whole
IgG, F(ab’)2, and single Fabs to SF370. Strikingly, Ab25
single Fabs could not bind to the bacteria, whereas Ab49
Fabs increased their binding (Fig. 6C). The latter is the
expected result since single Fabs should have easier access
and, yet the results reveal that Ab25’s predominant mode
of interaction with M protein is dual-Fab cis binding. To
assess how much weaker the binding via single Fabs is,
we performed affinity measurements of single Fabs. These
showed that Ab25 Fab binding has a 2000-fold lower affinity
(4.4 mM−1), compared to F(ab’)2 binding (2.3 nM−1, Supp

Fig. 5C). These results demonstrate that Ab25 requires a
dual-Fab cis mode of interaction to bind effectively and exert
a protective function.

Discussion

In this study, we describe a new broadly-binding monoclonal
antibody which binds to the central region of the M protein
and mediates bacterial clearance. Interestingly, this antibody
has a peculiar mode of interaction with its target as it contacts
the M protein via two distinct epitopes. We now understand
that in addition to the classical antibody-antigen interac-
tions which are extensively studied, that dual-Fab binding
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Fig. 5. Structural epitope characterization reveals dual-Fab cis binding mode of interaction. A Multiple sequence alignment reflects the L3-H3 loop differences on the
amino acid sequence level. B Representations of the Fab fragments of the modelled antibodies Ab25, Ab32 and Ab49. In each antibody, the CDR H3 and L3 loops are
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H3 loop is shown in yellow (for Ab25) or in red (for Ab49). There are two interaction sites for Ab25 on the M1 protein, the upper one in the B2-B3-domain (inset) supported by
4 crosslinks and the lower one in the C1-domain (inset) by 6 crosslinks. Only one interaction site for Ab49 with M1 exists, and it is supported by 2 crosslinks. F Schematic
representation the M1 protein and its domains. The protein is associated with the bacterial cell wall through the LPXTG motif in the C-terminal D domain. G The Fab epitopes
as well as the Fc-binding region on the M protein are estimated by a fluorescence localization averaging method using structured illumination microscopy (SIM) images (41).
A relative binding site is determined by resolving the distance between the antibody and a reference channel (WGA, binds cell wall) using the cumulative signals from many
images. The results shown here are from 4 independent experiments with N=9,13,9,9, respectively. H Binding of Alexa647-conjugated Xolair (100 µg/ml) to SF370 after
pre-treatment with indicated antibody samples (10 µg/ml). The data is from 3 independent experiments pooled together. Statistical significance was assessed using one-way
ANOVA with Kruskal-Wallis multiple comparison correction and * denotes p< 0.05, ** for p< 0.01, *** for p< 0.001 and **** for p< 0.0001.
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Fig. 6. Dual-Fab mode of interaction is required for functional antibody bind-

ing A Heat killed bacteria previously stained with Oregon Green were incubated
with 10 µg/ml of Ab25 or IgdE-digested (Spoerry et al., 2016) Ab25 (Fabs). The
bacteria were then incubated with fluorescently labelled Xolair (AF647) before be-
ing analyzed with flow cytometry. Bacteria which bound Xolair via its Fc binding are
shown as positive. B A competition anti-M protein ELISA was performed where free
M1 fragments were mixed with Ab25 at equimolar ratios (10 µg/ml). The wells were
then washed, and the signal developed using Protein G-HRP. C Binding properties
of Xolair, IdeS-cleaved or IgdE-cleaved Ab25 or Ab49 were studied as previously by
mixing the antibodies with heat killed, Oregon Green bacteria. The bacteria were
then washed and stained with Alexafluor 647-conjugated Fab anti-Fabs and ana-
lyzed by flow cytometry. The panel to the right shows SDS-PAGE analysis of the
antibodies used in the binding analysis. The data represents pooled results from
four independent experiments. Statistical significance was assessed using one-way
ANOVA with Kruskal-Wallis multiple comparison correction and * denotes p< 0.05,
** for p< 0.01, *** for p< 0.001 and **** for p< 0.0001.

of antibodies to antigens can enhance antibody function
and might have therapeutic potential. Mass spectrometric
analysis of anti-M antibodies crosslinked to M protein,
coupled with biochemical and immunological analysis,
revealed that dual-Fab cis binding around the M protein S
region can mediate phagocyte engagement and streptococcal
phagocytosis. Dual-Fab cis binding, as seen with Ab25,
seems to be a deterministic factor regarding the triggering of
an immune response. In contrast, single-Fab binding, as seen
with the closely located Ab49 has little or no immunological
effect in the assays tested. It has been previously shown
that antibodies against the hypervariable region or C-repeats
(10, 16, 43, 44) of the M protein can also be opsonic and
mediate phagocytosis. Therefore, while in the context of the
M protein central region, dual-Fab binding antibodies are
opsonic, other functional interactions between antibodies
and antigens clearly exist. It is interesting to note that earlier
studies on M6 protein revealed the central M region not
only to be conserved amongst many M proteins but also
non-opsonic (43), mirroring the results we observe with
Ab32 and Ab49. The dual-Fab interaction of Ab25 seems to
be the deciding factor make it opsonic, while still retaining
the cross reactivity with M proteins due to the conserved
nature of the central M region.

The fact that Ab25 and Ab49 bind to such a similar location,
yet their binding leads to such different outcomes, provides

an excellent internal control for dual-Fab cis binding, as well
as prompts questions as to why it is so beneficial for immune
stimulation. From a structural perspective, a two-point
attachment is much more stable than a one-point attachment,
probably stabilizing the IgGFc-Fcγ receptor interaction. It
would also provide a consistent angle of interaction, which
might aid the clustering of receptors. The angle is relevant
because the presentation of IgGFc’s pointing in different di-
rections could interfere with the zipper-like mechanism that
Fcγ receptors typically use during phagocytosis (45). The
specific orientation that Ab25 adapts when binding M protein
results in the IgGFc being oriented perpendicular relative to
M protein. This happens to be an optimal angle at which
Fcγ receptors interact with IgGFc (46). Instead, interactions
between IgA and Fcα receptors would have benefitted from
an antibody being rotated 90° from that of Ab25 (47). Recent
findings indicate that both antigen height, whereby below
10 nm is beneficial (48), and pericellular barriers, whereby
transmembrane pickets obstruct interaction (49), are impor-
tant factors to consider for effective phagocytosis. Given that
all three of our monoclonals bind at a similar height (40-50
nm), this in and of itself cannot be an explanation here.
However, it is possible that the stable dual-Fab interaction, in
practice, shifts the perceived antigen height and thus results
in a relatively closer bacteria-phagocyte interaction. In this
case, the pericellular barrier would then also be reduced by
the same distance, allowing a more productive phagocytic
interaction. Another obvious mechanism could be the
reduced IgGFc binding that Ab25 achieves by spanning the
IgGFc binding site (S region). However, this is most likely
not the case for two reasons. First, the IgGFc binding has a
low affinity in the mM range and only becomes relevant at
high IgG concentrations, magnitudes larger than those used
in the phagocytosis experiments. Second, if the Fc binding
could block phagocytosis, then the phagocytosis experiments
with mixed monoclonals would see an additive effect, as
Ab25 would block Fc binding, allowing the other antibodies
to function. As we saw no additive effect whatsoever, this
cannot be the case. The reduced IgGFc binding that Ab25
confers might have other protective effects to the host that
remain to be investigated in future studies.

The requirement of dual-Fab cis binding to separate epitopes
that Ab25 exhibits, is an unexpected mode of functional an-
tibody interaction, adding to the already astounding diversity
found in antibodies (50). A related phenomenon to the dual-
Fab binding is the case of the anti-HIV 2G12 antibody (51)
which has a mutation in its hinge region leading to Fab dimer-
ization (52). The two fabs of 2G12 bind to high-mannose
sugars but due to the fact of their unorthodox dimerization,
essentially behave as one large Fab (53). Our Ab25 seems
to have a classical antibody structure. In fact, normal sin-
gle Fab-based interactions between multiple anti-HIV glycan
antibodies gave similar biological outcomes as 2G12 (for a
review see (54)). This indicates that while 2G12 has an un-
orthodox structure, its function is correlated to the specific
epitope and not due to a distinct mode of interaction. In the
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context of unorthodox antibodies, bispecific antibodies (55)
or antigen clasping antibodies (56) have been engineered for
improved functionality, and here we show that evolution has
resulted in similar outcomes. The results presented here re-
veal an, up till now, unknown added value of using F(ab’)2

fragments rather than Fabs when screening for functional an-
tibodies.
Our results may partly explain why children and adolescents
suffer the most from recurring GAS infections (57), and
could be related to the observation that frequent infections
are needed to generate long-term immunity (22). Antibody
hypermutation after multiple rounds of GAS infection could
be required to generate dual cis binding antibodies, allowing
them to bypass the elaborate bacterial immune evasive
mechanisms. It is difficult to predict how common this mode
of binding is. Still, it is not unlikely that other bacterial
proteins might be targeted by dual-Fab binding antibodies,
as adhesins or other molecules with long repetitive structures
are common amongst bacteria (58).

Dual-Fab cis binding antibodies could have broad implica-
tions for antibody function and vaccine design. Our findings
could explain why attempts at generating an effective
vaccine against GAS have so far been unsuccessful (24).
Even if a vaccine can induce high titers, a large portion
of these antibodies could be non-functional. If it turns
out that dual-Fab cis binding antibodies are critical for
function, antibody-based vaccine development strategies
must be reconsidered. If vaccine peptides do not maintain
conformational integrity (59) or span dual-Fab possible
epitopes (10-15 nm separation), they might not be able to
exhibit effective antibody-based immunity. Cell-mediated
immunity would not be affected since T cell-MHC inter-
action, by definition, needs to be based on short peptides.
The discovery and characterization of a protective antibody
against experimental GAS infection, opens up the possibility
for monoclonal immunotherapy. A particularly useful
application would be as a complementary treatment in the
management of an invasive GAS disease, one of the most
critical and feared conditions in infection medicine.

Methods

Single B cell purification, baiting and isolation B cell
isolation was performed as described previously (60), with
some modifications. Briefly, 35 ml of blood was drawn (into
citrated collection tubes) from a young woman who had
recently recovered from a group A streptococcal infection.
Collection and analysis of human blood samples were
approved by the regional ethics committee, permit number
2015/801. The blood was treated with 2.5 µl/ml Rosettesep
B (Stemcell technologies) for 20 mins at room temperature.
The blood was then diluted 1:1 in phosphate buffered
saline (PBS) and layered onto Lymphoprep gradients. After
centrifugation (30 mins at 800 x g), the plasma was collected
and frozen while the B cell layer (around 7 ml) was removed,
diluted with 43 ml of PBS, and centrifuged again. This

washing step was repeated twice. The B cells were counted
and kept at room temperature for staining (typical yields are
2-5 million cells per 30-40 ml of blood).

B cell staining, baiting and sorting The B cells were
concentrated into a final volume of 500 µl in PBS. The cells
were then blocked with 5% BSA for 20 minutes before being
stained with antibodies against CD19-PE (BD-555413),
CD3-BV510 (BD-564713), and IgG-BV421 (BD-562581).
The B cells were also labelled with the Sytox-FITC live/dead
stain (Thermofischer-S34860). Baiting of the B cells was
done using soluble M1 protein isolated from an MC25
group A streptococcus M1 strain. The M1 protein isolation
procedure was previously described elsewhere (61). The M1
protein was directly conjugated to Alexa Fluor 647 using
the microscale labeling kit (Invitrogen). In addition to the
antibodies and live/dead stains, 0.1 µg/ml of AF694-M1 was
added to the cells and the mixture was incubated at 32°C
for 20 minutes (M1 undergoes a conformational change at
4°C which could obscure important epitopes (62)). After the
incubation, the cells were washed with PBS twice and were
kept on ice until further analysis. The gates for sorting were
set on a FACSAriaFusion sorter using unstained cells and
FMO-1 samples. A total of 100 cells were sorted from 2.5
million B cells directly into 10 µl of water containing RNase
inhibitor in 96-well plates and were immediately transferred
to a -80 °C freezer. The cells at this point would have been
lysed due to osmotic pressure and the RNA stabilized in
solution.

Reverse transcription, family identification and cloning

The cells previously frozen in plates were thawed on ice
and RT-PCR was performed using the OneStep RT-PCR
kit (Qiagen) protocol without modification. The primer
sequences used in the PCR steps were taken directly from
the Smith et al (2009) paper without any modifications.
After the RT-PCR, the nested PCR was performed and the
bands corresponding to the variable regions of the heavy
and light chains were sequenced to identify the antibody
families. Family-specific cloning primers were used to clone
the variable chains into the plasmids containing the constant
regions of the heavy and light chains. The expression plas-
mids were generously donated by Dr. Patrick Wilson’s group.

General cell culture and transfection THP-1 cells
(Leukemic monocytes) were maintained in RPMI media
supplemented with L-Glutamine and 10% FBS. The cells
were kept at a cell density between 5-10x105 cells per
ml. THP-1-XBlue cells were maintained like regular
THP-1 cells. HEK293 cells were maintained in DMEM
supplemented with L-Glutamine and 10% FBS. The cells
were never allowed to grow to 100% confluency. The day
before transfection, 8x106 cells were plated in circular
150mm dishes. This transfection format allowed for the
most efficient antibody recovery.

Transfection, expression and purification In total, 10
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antibody construct pairs were successfully generated from
100 starting cells. The Antibody pairs were transformed
into Mix’n’go E. coli. Transformant colonies were verified
by sequencing and the plasmids were further propagated
and DNA was extracted using a Zymoresearch midiprep
kit. Plasmid pairs encoding full mature antibodies were
co-transfected into HEK293 cells using the PEI transfection
method (https://www.addgene.org/protocols/transfection/).
Cells were briefly treated with 25 µM Chloroquine for 5
hours. Thereafter, 20 µg of heavy and light chain expression
plasmid DNA were diluted in OptiMEM (Life technologies)
media containing polyetheleneimine (PEI) at a 1:3 ratio (for
50 µg of DNA, 114 µl of a 1mg/ml PEI stock was used).
The cells were incubated at 37°C for 18 hours before they
were washed 2 times with PBS and the DMEM media was
exchanged with OptiMEM. The cells were incubated for a
further 72 hours before the supernatants were collected. The
antibodies in the supernatants were purified using Protein G
beads in a column setup. The antibodies were then titrated
by comparing their concentrations on an SDS-PAGE to serial
dilutions of a known concentration of Xolair (commercially
bought Omalizumab, stored at 150 mg/ml).

Bacterial strains, growth, and transformation Streptococ-

cus pyogenes strain SF370 (emm1 serotype) and AP1 (emm1
serotype) was grown in Todd-Hewitt Yeast media (THY)
at 37°C. The bacteria were maintained on agar plates for 3
weeks before being discarded. We chose to use SF370 in all
of our experiments since it is an M1 serotype strain lacking
protein H which is a complicating factor (due to its strong
Fc binding capacity and extensive homology with M protein
(63)). The different M serotypes which were used in our
cross-strain comparison were clinical isolates, previously
deposited into our in-house biobank. For experiments,
overnight cultures were prepared in THY and were diluted
1:20 on the day of the experiments. After dilution, three
hours of growth at 37°C ensured that the bacteria were
in mid-log growth. For the generation of GFP-expressing
strains, the SF370 and its ∆M isogenic counterpart were
grown to mid-log before being washed with ice-cold water.
The electrocompetent bacteria were electroporated with
20 µg of the pGFP1 plasmid and plated on Erythromycin
supplemented THY plates. The successful transformants
were fluorescent when examined under ultraviolet light.
Heat killing the bacteria was done by growing the cultures
to mid log, washing them once in PBS and incubating them
on ice for 5 minutes. The bacteria were then heat shocked
at 80°C for 5 minutes before being placed on ice for 15
minutes. For the phagocytosis assay, the heat killed bacteria
were centrifuged at 8000 x g for 3 minutes and resuspended
in Na-medium (5.6 mM glucose, 127 mM NaCl, 10.8 mM
KCl, 2.4 mM KH2PO4, 1.6 mM MgSO4, 10 mM HEPES,
1.8 mM CaCl2; pH adjusted to 7.3 with NaOH). Heat-killed
bacteria were stained with 5 µM Oregon Green 488-X
succinimidyl ester (Thermofischer) at 37°C under gentle
rotation and protected from light for 30 min. The bacteria
were then centrifuged and resuspended in Sodium carbonate

buffer (0.1 M, pH 9.0) for an additional staining step with
the pH-sensitive dye CypHer5E (Fischer scientific). This
was used at a concentration of 7 µg/ml in a volume of 1.5 ml
for 2h at room temperature under gentle rotation, protected
from light. The samples were washed once with Na-medium
to remove excess dye and stored at 4°C for later use.

Antibody screening and flow cytometry For ELISAs:
ELISA plates were coated overnight with 10 µg/ml M1 at
4°C, which had been purified from MC25 culture super-
natants (61). After a 1-hour incubation at 37°C, the wells
were washed 3 times with PBST and blocked with 2% BSA
in 300 µl PBST for 30 minutes. After blocking, 300 µl of
antibody containing supernatants were added to the wells,
or diluted donor plasma as a control. The samples were
incubated for 1 hour at 37°C, washed, and a solution of
Protein G-HRP (diluted 1:3000) was added to the wells
and incubated at 37°C for 1 hour. The samples were then
washed and developed with 100 µl developing reagent
(20 ml Substrate buffer NaCitrate pH 4.5 + 1 ml ABTS
Peroxide substrate + 0.4 ml H2O2). Absorbance was read
at OD450 following 5-30 minutes of color development at
room temperature.

For ELISA using the shorter M1 B1B2B3 and C1C2C3
constructs, open reading frames encoding for the B1B2B3
repeats of the M1 protein (UniProt ID: Q99XV0, emm1;
amino acids 132–194) and the C1C2C3 repeats (amino acids
229-348) were cloned at the Lund Protein Production Plat-
form (LP3) (Lund, Sweden). The encoding sequences were
ordered as a synthetic construct from Genscript (NJ, USA),
and cloned into a pNIC28-Bsa4-based vector incorporating
a tandem affinity purification tag (histidine-hemagglutinin-
StrepII-tobacco etch virus protease recognition site) at the
C-terminus of the construct. The constructs were expressed
in Luria-Bertani Broth (Difco) supplemented with 50 g/ml
of kanamycin at 25 °C in E. coli TUNER (DE3) cells. For
protein expression the temperature was lowered to 18 °C
and the expression induced with 0.1 mM IPTG at OD600
0.6. Expressed cells were harvested and resuspended in
phosphate buffer (50 mM NaPO4, 300 mM NaCl, 20 mM
imidazole, pH 8.0) supplemented with EDTA-free Complete
Protease Inhibitor tablets (Roche). The cells were lysed
using a French pressure cell at 18,000 psi. The lysate was
cleared via ultracentrifugation (Ti 50.2 rotor, 244,000×g, 60
min, 4 °C) and subsequently passed through a 0.45 µm filter
prior to loading on a HisTrap HP column (GE Healthcare).
The column was washed with 20 column volumes (CVs)
of phosphate buffer, and bound protein was eluted using
a gradient of 0–500 mM imidazole in phosphate buffer.
Fractions containing the desired protein were pooled, and
dialyzed against 1× phosphate buffer saline (PBS; 10 mM
phosphate buffer, 2.7 mM KCl, 137 mM NaCl) pH 7.3, and
stored at 80°C. These constructs were subsequently used to
coat the ELISA wells or as competition for the M antibodies.

For flow cytometric screening: Overnights of SF370-GFP
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bacteria or its ∆M counterpart were diluted 1:20 into THY
and grown until mid-log. 100 µl of the bacteria were
distributed into wells of a 96 well plate. Antibodies purified
from cell culture supernatants were diluted to 5 µg/ml and
were digested with 1 µg/ml of IdeS for 3 hours at 37 °C.
The digested antibodies were further diluted 1:10 into the
bacterial suspension. Reaching a final concentration of 0.5
µg/ml. The bacteria were incubated for 30 minutes at 37 °C
before being washed twice with PBS. AF647-conjugated
Fab α-Fab antibody fragments were used as secondary
antibodies to detect binding of the primary α-M antibodies.
After a 30-minute incubation with the Fab α-Fab fragments,
the bacteria were washed and analyzed on a Cytoflex
flow cytometer (Beckman Coulter). The gates for the
GFP-expressing bacteria were set using the SF370 parent
strain (not expressing the GFP plasmid). GFP-expressing
bacteria within the GFP-expressing gate were assessed for
antibody staining (APC channel). Antibody staining reflects
the presence of surface-bound primary-secondary antibody
complexes and is indicative of bound anti-M antibodies.

For western blotting: Antibody reactivity to linear epitopes
was assessed by probing the lysates of SF370 and its ∆M
mutant using western blotting. Briefly, pellets of logarithmi-
cally grown bacteria were incubated with phospholipase C
for 30 minutes in PBS until the lysates became clear. The
lysates were sonicated and cleared by centrifugation (15,000
x g for 3 minutes). We loaded 40 µg of 5 replicate sets of
SF370 vs ∆M mutant protein on a gradient SDS-PAGE gel
(4-20%). The gel electrophoresis was run for 60 minutes to
achieve protein separation. The proteins were transferred
from the gel to a PVDF membrane which was blocked for
45 minutes with 5% skimmed milk in PBST. The replicate
lanes of the membrane were then cut and probed with 2 or
10 µg/ml of Xolair, Ab25, 32, 49 or IVIgG overnight at 4
°C. The membranes were washed 3 times with PBST and
probed with the secondary HRP-conjugated goat anti-human
IgG secondary (Rockland) antibody for 1 hour at room
temperature. The secondary was later washed, and the
membrane developed using a chemilumunescence reagent
(WestFemto substrate, Thermofischer).

Agglutination assays For agglutination assays: Overnight
cultures of SF370 and its ΔM strain were diluted 1:5
in RPMI and were treated with 100 µg/ml of the anti-M
antibodies, or with 5% donor plasma. It is crucial for this
series of experiments that the bacteria are incubated in a
cuvette and are not shaken or vortexed during incubation.
At indicated time points, the OD600 of the bacteria was
measured and at the 3.5 hour mark the cuvettes were pho-
tographed. For aggregate dissolution experiments: SF370
bacteria were grown overnight, diluted 1:20 in THY and left
to grow for two hours. The bacteria were then supplemented
with 100 µg/ml of the appropriate antibody. Two hours after
inoculation, the bacteria were vortexed, imaged (randomly)
and the aggregate areas were analyzed using Image J.

SIM imaging Logarithmic phase bacteria were sonicated
(VialTweeter; Hielscher) for 0.5 minutes to separate any
aggregates and incubated fixed in 4% paraformaldehyde for
5 minutes on ice. The bacteria were thereafter washed with
PBS twice (10,000 x g for 3 min). SF370 was stained with
Alexa Fluor 647-conjugated wheat germ agglutinin (WGA).
Bacteria were incubated with IdeS-cleaved Xolair, Ab25,
Ab32, and Ab49 and stained with fluorescently labelled
IgGFab or IgGFc specific F(ab’)2 fragments (DyLight488-
conjugated anti-human IgGFc or IgGFab; Jackson Im-
munoResearch Laboratory). Samples were mounted on
glass slides using Prolong Gold Antifade Mountant with
No. 1.5 coverslips. Images of single bacteria were acquired
using an N-SIM microscope with LU-NV laser unit, CFI
SR HP Apochromat TIRF 100X Oil objective (N.A. 1.49)
and an additional 1.5x magnification. The camera used was
ORCA-Flash 4.0 sCMOS camera (Hamamatsu Photonics
K.K.) and the images were reconstructed with Nikon’s
SIM software on NIS-Elements Ar (NIS-A 6D and N-SIM
Analysis). Images of the bacteria were acquired with 488
and 640 nm lasers. For site localization, single bacteria
were manually identified and imaged in time series with
50 frames. The analysis pipeline for site localization was
implemented in Julia and is available on GitHub (41). A cut
off of initial signal-to-noise ratio (SNR) was set to 0.3 and
timeframes included were the ones with at least 70% of the
initial SNR.

Binding curves SF370 bacteria were grown to mid log,
washed and 10 ml of culture were concentrated into 1000
µl of PBS. The bacteria were stained with halving serial
dilutions of the anti-M antibodies. 30 µl of bacteria were
used per every 100 µl of IdeS treated antibody. The staining
was performed at 4 °C for 30 minutes (with shaking) before
the bacteria were washed and stained with an excess of
AF647-conjugated Fab anti-Fab fragments in a volume of
30 µl for 30 minutes at 4°C with shaking. The bacteria
were then diluted to 250 µl in PBS and analyzed by flow
cytometry. Theoretical fit was done in MATLAB using
fminsearch for an ideal binding curve with the dissociation
constant as an unknown variable, as described (64).

Crosslinking of antibody F(ab’)2-fragments to the M1-

protein For the crosslinking of Ab25, Ab32 and Ab49
F(ab’)2 fragments to the M1 protein, we used two different
preparations of the M1 protein; one expressed and purified
as recombinant in E. coli as described for the B1B2B3
and C1C2C3 constructs above, and one purified from
the culture supernatant of the S. pyogenes MC25 strain
(61). The antibody F(ab’)2 fragments were cleaved and
purified from the expressed intact antibodies using the
FragIT-kit with Fc-capture columns (Genovis) according
to the manufacturer’s instructions. For crosslinking, 25 µg
of the recombinant M1 protein or 8 µg of the MC25 M1
protein were incubated with 5 µg of the respective F(ab’)2

fragments in 1× PBS pH 7.4 at 37 °C, 800 rpm, 30 min.
Heavy/light disuccinimidylsuberate (DSS; DSS-H12/D12,
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Creative Molecules Inc.) resuspended in dimethylformamide
(DMF) was added to final concentrations 250 and 500 µM
and incubated for a further of 60min at 37 °C, 800 rpm. The
crosslinking reaction was quenched with a final concentration
of 50 mM ammonium bicarbonate at 37 °C, 800 rpm, 15 min.

Sample preparation for MS The crosslinked samples mixed
with 8 M urea and 100 mM ammonium bicarbonate, and
the cysteine bonds were reduced with 5 mM TCEP (37 °C
for 2h, 800 rpm) and alkylated with 10 mM iodoacetamide
(22 °C for 30 min, in the dark). The proteins were first
digested with 1 µg of sequencing grade lysyl endopeptidase
(Wako Chemicals) (37 °C, 800 rpm, 2h). The samples were
diluted with 100 mM ammonium bicarbonate to a final urea
concentration of 1.5 M, and 1 µg sequencing grade trypsin
(Promega) was added for further protein digestion (37 °C,
800 rpm, 18 h). Samples were acidified (to a final pH 3.0)
with 10% formic acid, and the peptides purified with C18
reverse phase spin columns according to the manufacturer’s
instructions (Macrospin columns, Harvard Apparatus).
Peptides were dried in a speedvac and reconstituted in 2%
acetonitrile, 0.2% formic acid prior to mass spectrometric
analyses.

Liquid chromatography tandem mass spectrometry

(LC-MS/MS) All peptide analyses were performed on
Q Exactive HF-X mass spectrometer (Thermo Scientific)
connected to an EASY-nLC 1200 ultra-high-performance
liquid chromatography system (Thermo Scientific). Peptides
were loaded onto an Acclaim PepMap 100 (75µm x 2
cm) C18 (3 µm, 100 Å) pre-column and separated on an
EASY-Spray column (Thermo Scientific; ID 75µm x 50 cm,
column temperature 45°C) operated at a constant pressure of
800 bar. A linear gradient from 4 to 45% of 80% acetonitrile
in aqueous 0.1% formic acid was run for 65 min at a flow rate
of 350 nl min-1. One full MS scan (resolution 60000 @ 200
m/z; mass range 390–1 210m/z) was followed by MS/MS
scans (resolution 15000 @ 200 m/z) of the 15 most abundant
ion signals. The precursor ions were isolated with 2 m/z
isolation width and fragmented using HCD at a normalized
collision energy of 30. Charge state screening was enabled,
and precursors with an unknown charge state and a charge
state of 1 were rejected. The dynamic exclusion window
was set to 10 s. The automatic gain control was set to 3e6
and 1e5 for MS and MS/MS with ion accumulation times of
110 ms and 60 ms, respectively. The intensity threshold for
precursor ion selection was set to 1.7e4.

Computational modeling Several protocols of Rosetta
software suit (65) were employed for macromolecular
modeling of this study. To model the full-length antibodies,
first the antigen-binding domains were characterized using
Rosetta antibody protocol (66). Then, comparative models
have been generated for both heavy and light chains using
RosettaCM protocol (67) and aligned on the antigen-binding
domains to represent the initial structure of the antibody.
HSYMDOCK (68), and DaReUS_loop (69) web servers

were used for symmetric docking of the Fc-domains and to
model the hinge regions, respectively. Finally, 4K models
were produced for each antibody as the final refinement
and the top-scored models were selected based on XLs
derived from mass spectrometry combined with rosetta
energy scores. Moreover, to characterize the M1 antibody
interactions, TX-MS protocol were used (40), through which
2K docking models were generated and filtered out using
distance constraints from DDA data. A final round of
high-resolution modeling was performed on top models to
repack the sidechains using RosettaDock protocol (70).

Fluorescent Xolair competition experiments Logarithmi-
cally grown SF370 bacteria were heat killed and labelled
with Oregon Green (as described previously). The bacteria
were mixed with antibodies or plasma/IVIG and incubated
for 30 minutes at 37°C while shaking. Fluorescently conju-
gated Xolair (conjugated to Alexafluor 647 using the protein
labeling kit (Invitrogen) according to the manufacturer’s
instructions) was then added to the bacteria at a concentra-
tion of 100 µg/ml for an additional 30 minutes before being
directly analyzed by flow cytometry. For experiments in
which Fabs were used, the Fabs were generated using the
Fabalactica digestion kit (Genovis) according to manufac-
turer’s instructions.

Phagocytosis assay The phagocytosis experiments were
performed using persistent association normalization (38).
Prior to opsonization, the CypHer5E- and Oregon Green-
stained SF370 bacteria were sonicated for up to 5 min
(VialTweeter; Hielscher) to disperse any large aggregates
of bacteria. Sonication was deemed sufficient when clump
dispersal was confirmed by microscopy. Staining as well as
bacterial count (events/µl in the FITC +ve gate) was assessed
by flow cytometry (CytoFLEX, Beckman-Coulter). The pH
responsiveness of CypHer5E was tested by measuring the
bacterial fluorescent staining in the APC channel before and
after the addition of 1 µl of sodium acetate (3 M, pH 5.0) to
100 µl of bacterial suspension. The presence of an acid in-
duced shift in fluorescence indicated successful staining. On
the day of experiments, the appropriate number of bacteria
were opsonized to suit each experiment. The opsonization
with our M-specific antibodies, Xolair or with IVIG was
performed at 37°C for 30 minutes. For experiments with a
variable MOP, serial dilutions of the opsonized bacteria were
made and used to incubate with the THP-1 cells. By gating
on the leukocyte population (Supp. Fig. 3a), specifically on
single cells (Sup. Fig 3b), we were able to group the cells
into those associated with bacteria (FITC positive) and with
internalized bacteria (FITC and APC positive) (Supp. Fig
3c-e). Panels shown in Supp. Fig 3c show non-interacting
cells whereas Supplementary Figure 3d and 3e show the
result of phagocytosis at 37°C and 4°C, respectively. In
experiments where antibody concentration was the variable,
serial dilutions of the antibodies were made in Na-medium
in 96 well plates and the bacteria were directly added to
the antibodies for opsonization. THP1 cells were washed
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in PBS on the day of the experiment and resuspended in
Na-medium. The concentration of THP-1 cells was mea-
sured prior to phagocytosis by flow cytometry and adjusted
to 2000 cells/µl (100 000 cells per well). The cells were then
added to the 96-well plates previously prepared with varying
concentrations of previously opsonized bacteria (MOP) or
with different antibody concentrations. Finally, 50 µl of
THP-1 cells were added on ice resulting in a final phagocytic
volume of 150 µl. After a 5-minute incubation on ice, the
plate was directly transferred to a shaking heating block
set to 37°C while being protected from light or kept on ice
as a control for internalization. Phagocytosis was stopped
by putting the samples on ice for at least 15 min before
data acquisition. Three experiments were performed to
assess the association curves and four experiments were per-
formed at MOP 400 to compare different antibodies. Flow
cytometric acquisition was performed using a CytoFLEX
(Beckman-Coulter) with 488 nm and 638 nm lasers and
filters 525/40 FITC and 660/10 APC. Threshold was set
at FSC-H 70,000 for phagocytosis and for bacteria FSC-H
2000 and SSC-H 2000. Gain was set to 3 for FITC and 265
for APC. Acquisition was set to capture at least 5 000 events
of the target population with a velocity of 30 µl/min taking
approximately 30 min to assess all samples. Throughout the
data acquisition the 96-well plate was kept on an ice-cold
insert to inhibit further phagocytosis.

NFkB activity luciferase assay THP-XBlue-CD14 (In-
vivogen) cells were seeded at a density of 200,000 cells
per well in 96 well plates. The cells were treated with the
appropriate antibodies (at 0.5 µg/ml) with or without M1
protein (2 µg/ml) for 18 hours at 37 °C. After the incubation,
20 µl of the cell supernatant were aspirated and mixed
with the developing reagent, as described by the assay
instructions (QuantiBlue solution, Invivogen). The samples
were incubated at 37 °C until development was appropriate
and the OD650 measurement of the samples was done using
a multi-well spectrophotometer.

Animal model All animal use and procedures were ap-
proved by the local Malmö/Lund Institutional Animal Care
and Use Committee, ethical permit number 03681-2019.
Nine-week-old female C57BL/6J mice (Scanbur/ Charles
River Laboratories) were used. Monoclonal antibody
Ab25 (0.4 mg/mouse), or intravenous immunoglobulin
(10 mg/mouse) was administered intraperitoneally 6h
pre-infection. S. pyogenes AP1 was grown to logarithmic
phase in Todd–Hewitt broth (37°C, 5% CO2). Bacteria
were washed and resuspended in sterile PBS. 106 CFU of
bacteria were injected subcutaneously into the scruff leading
to systemic infection within 24h. Mice were sacrificed 24
h post infection, and organs (blood, livers, spleens, and
kidneys) were harvested to determine the degree of bacterial
dissemination. The blood cell counts were analyzed by flow
cytometry. Cytokines were quantified using a cytometric
bead assay (CBA mouse inflammation kit, BD) according to
manufacturer instructions.
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