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Group A streptococcus (GAS) is a highly adapted, human-
specific pathogen that is known to manipulate the immune sys-
tem through various mechanisms. GAS’ M protein constitutes
a primary target of the immune system due to its spatial con-
figuration and dominance on the bacterial surface. Antibody
responses targeting the M protein have been shown to favor the
conserved C region. Such antibodies circumvent antigenic es-
cape and efficiently bind to various M types. The ability of GAS
to bind to fibronectin (Fn), a high molecular weight glycoprotein
of the extracellular matrix, has long been known to be essential
for the pathogen’s evolutionary success and fitness. However,
some strains lack the ability to efficiently bind Fn. Instead, they
have been found to inefficiently bind Fn via the M protein A-
B domains. Here, we show that human antibodies can induce
a high-affinity Fn-binding state in M proteins, likely by enhanc-
ing the weak A-B domain binding. The antibodies bind to a con-
served region of M proteins, and the high-affinity binding only
occurs on the individual M proteins with bound specific antibod-
ies. By allowing the binding of antibodies to a certain region in
M, and thereby enhancing Fn-binding, GAS exploits the human
humoral immune response to efficiently bind Fn without need-
ing to waste energy on the production of additional proteins –
potentially giving such strains an evolutionary advantage.
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Introduction
Streptococcus pyogenes, also commonly referred to as group
A streptococcus (GAS), is an extremely successful, ubiqui-
tously found, human pathogen causing >600 million infec-
tions each year. While for the most part these infections result
in mild disease development, more severe and invasive cases
result in a mortality rate of up to 25% (1, 2). Fibronectin
(Fn), a high-molecular-weight, glycoprotein of the extracel-
lular matrix (ECM), is important due to its ability to serve
as an adaptor protein of the ECM, allowing cells to inter-
act with their environment. This is enabled by heterodimeric
cell surface receptors known as integrins (3). Fn exists in
an insoluble form whereby it is a constituent of many extra-
cellular matrices and a soluble form that is found in various
bodily fluids (3, 4). It is a protein dimer consisting of two
almost identical monomers with multiple binding domains
(5). The binding of Fn by GAS is a well-documented phe-
nomenon most commonly implicated in enhancing adhesion
to, and invasion of host cells (4, 6, 7). This binding is me-

diated by surface-expressed bacterial proteins which possess
Fn-specific binding domains. Bound Fn can thus promote
host tissue invasion by interacting with integrins expressed
on epithelial cells (8–10). As many as 12 GAS surface pro-
teins have been identified as directly or indirectly facilitating
the binding of Fn (11). This fact alone hints at an evolution-
arily driven process since bacteria would not waste energy on
the production of superfluous proteins.
The GAS M protein exemplifies how the bacterium has
evolved to manipulate the host immune system. Since the
N-terminal domain is highly variable between various GAS
serotypes it has become common practice to classify GAS
depending on the specific M protein they express (12, 13).
M protein dominates the surface of the bacterium and thus,
is likely one of the main targets of the humoral immune re-
sponse. Despite this, it has been shown that antibody re-
sponses to M only weakly target the more exposed variable
regions and preferentially target the conserved C region (14,
15). Due to their conserved nature, these serve as cross-
serotype antigens for the adaptive immune system (16). The
successful development of a vaccine against GAS has eluded
researchers for many years. This has mainly been due to the
complex immune response to M protein. While it is the con-
served regions that have been shown to elicit the more robust
cross-species immune responses, it is these regions that have
also been implicated in inducing various autoimmune seque-
lae (17, 18). Moreover, certain M types have been shown to
possess the ability to bind Fn and thus increase adhesion or
trigger internalization (19, 20). Specifically, the M1 protein
has been studied in detail and while the exact binding mech-
anism remains unclear, it was possible to identify potential
Fn-binding regions to the two apical domains (A and B) (21).
In recent years, advances in sequencing technology have un-
covered a plethora of Fn-binding proteins being expressed
by a wide range of bacterial species (22). It is generally ac-
cepted that bacteria primarily express proteins that improve
or maintain their respective fitness. Since the cost of pro-
tein production is so immense, low-benefit proteins are not
maintained and eventually, their encoding genes will be lost
altogether (23, 24). This highlights the critical role that Fn-
binding must play for GAS fitness and perhaps contributed
to its success as a species. M1 GAS has for long periods
been observed to be the most prevalent M strain – especially
regarding strains implicated in invasive disease (12). Here,
we show that certain M types, including M1, have evolved
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to exploit human antibodies targeting M. The antibodies tar-
get a conserved and immunodominant region in M protein,
making them commonly available to the streptococci. The
binding of these antibodies allows M protein to bind Fn with
high affinity, making additional specialized proteins redun-
dant. The M protein is well known to be versatile, and this
adds a way in which group A streptococci can use the host’s
immune response to its advantage and gain an evolutionary
edge.

Results
Convalescent patient plasma enhances Fn-binding to
GAS. Plasma contains large quantities of Fn (5) which is
present in its various isoforms. It has been shown that the
adaptive immune system will target surface-bound bacte-
rial Fn-binding proteins with antibodies, leading to better
vaccine provoked protection (25, 26). To assess whether
GAS infections can lead to in vivo generation of antibod-
ies that can neutralize Fn-binding proteins, we incubated the
M1 serotype SF370, expressing GFP, in various dilutions of
plasma-derived from convalescent donors who had recently
recovered from a severe invasive GAS infection (Fig. 1a).
As a control, we used plasma from healthy donors. After in-
cubation, the bacteria were washed in PBS and the bound Fn
was stained using an anti-human Fn primary antibody and a
fluorescent anti-mouse secondary. Fibronectin bound to GAS
was assessed by flow cytometry. Surprisingly, GAS incu-
bated in the convalescent plasma consistently showed higher
levels of bound Fn compared to the healthy controls. This
was the case for all dilutions, whereby 50% plasma led to
the most Fn being bound. This discrepancy was observed
between all individuals except one healthy donor where the
difference was not as pronounced. To determine whether
the same would apply to plasma from a convalescent donor
whose blood was used to derive anti-GAS monoclonals (27)
we repeated the assay with plasma from this specific donor
(Fig. 1b). For this experiment pooled plasma (from >20
healthy individuals) was used as a control and bacteria were
left untreated in culture media to assess background autoflu-
orescence. Fn-binding to GAS was measured by flow cytom-
etry. As can be seen from the respective MFI values of the
bound Fn, GAS incubated in dilutions of the antibody donor
plasma consistently bound more Fn compared to those incu-
bated in pooled plasma. For all dilutions, the untreated and
pooled plasma showed the same binding level, whereas there
was a dose-dependent increase when using donor plasma. In
summary, incubating GAS in plasma derived from convales-
cent patients led to increased Fn-binding compared to when
GAS was incubated in plasma from healthy donors. When re-
peating the assay using plasma from the original convalescent
donor – from which our anti-GAS monoclonals are derived –
we saw that plasma derived from the Ab donor was also able
to promote increased Fn-binding compared to pooled plasma.
Certain monoclonal antibodies induce increased Fn-
binding affinity to M1 GAS in an M protein-dependent
manner. Previous experiments (Fig 1a-b) showed that incu-
bating GAS in plasma from GAS convalescent donors con-

sistently results in increased Fn-binding. Next, we wanted
to assess whether this was due to the antibodies contained
within the respective plasma samples. We therefore treated
SF370 GAS with fluorescently conjugated Fn isolated from
plasma in conjunction with monoclonal antibodies (Figure
2a). The antibodies used as treatments were the monoclonals
derived from the aforementioned convalescent donor (Ab25,
Ab32, and Ab49). Furthermore, we used a non-binding con-
trol monoclonal (Xolair) and pooled intravenous antibodies
(IVIG) as a negative and positive binding control respec-
tively. GAS-bound fibronectin was assessed by flow cy-
tometry. Treatment with the anti-GAS monoclonals Ab25
and Ab49 both led to a significant increase in Fn-binding
to the bacteria while all other antibody treatments did not.
To test whether this phenomenon is M protein-dependent
we repeated the assay with a M protein knock-out mutant
SF370ΔM (Fig. 2b). This led to no significant difference in
Fn-binding. To be sure that the antibodies themselves were
not able to bind Fn, we performed an ELISA with Ab coated
wells. We saw that no Fn was bound to the Abs unless GAS
was present (Fig. S1). To understand how polyclonal an-
tibodies and other serum proteins can influence monoclonal
induced Fn-binding we incubated SF370 in varying concen-
trations of pooled serum as well as pooled saliva (Fig. 2c).
Monoclonals were supplemented as an additional treatment
and fibronectin binding to GAS was assessed by flow cy-
tometry. Fn-binding by GAS incubated in high concentration
serum (80%) was blunted and no difference could be seen be-
tween the treatments. It is, however, noteworthy that higher
serum concentrations led to higher background binding of Fn
due to generally higher Fn concentrations. At lower serum
concentrations (<10%) similar trends could be seen as in Fig-
ure 2a. At 1% serum and in saliva, Ab25 and Ab49 treat-
ment consistently resulted in an increased binding of serum
Fn by GAS. However, Fn-binding was only significantly in-
creased for both Ab25 and Ab49 in saliva. In 1% serum, only
Ab49 led to a significant increase in Fn-binding. We also
wanted to evaluate the effect of pooled polyclonal antibodies
when simultaneously applied with the anti-GAS monoclon-
als (Fig. S2). We therefore treated SF370 with Fn combined
with IVIG (100 µg/ml) and varying concentrations of Ab25 –
one of the monoclonals which consistently led to Fn-binding.
As a control, bacteria were treated with only IVIG. For nor-
malization, SF370 was left untreated, whereby only Fn was
added. The signal of GAS-associated fluorescent Fn was
assessed by flow cytometry. Both control samples resulted
in low, background levels of GAS-bound Fn. GAS treated
with Ab25 (3.75 µg/ml) led to a clear increase in bound fi-
bronectin. When the same amount of Ab25 was used in con-
junction with a much higher concentration of IVIG this led
to a three-fold decrease. An increase, similar to that seen
when GAS was treated with only Ab25 was observed when
7.5 µg/ml were applied with IVIG. 15 µg/ml of Ab25 with
IVIG led to an increase of GAS-bound Fn compared to un-
treated GAS. Finally, we assessed the Fn-binding affinity to
GAS with and without Ab25. We found that while Fn alone
bound with a medium-high affinity of 50 nM-1, the addition
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Fig. 1. Convalescent patient plasma enhances Fn binding to GAS. a, GAS was incubated in plasma from patients who had recently recovered from a severe GAS
infection (convalescent donors) as well as in plasma from healthy controls. This was done at three different dilutions (50, 10, and 1%). All healthy donor plasma, except one,
led to greatly reduced Fn-binding to GAS compared to the convalescent donor plasma. Each point represents a distinct donor, and the line shows the respective median. b,
GAS incubated in plasma derived from the original donor of AB25, 32, and 49 led to a dose-dependent increase in bound Fn compared to both untreated bacteria and pooled
plasma (MFI of bound Fn displayed in the upper right corner). GAS was incubated in three different plasma dilutions in PBS (50, 10, and 1%). Each histogram corresponds
with 20,000 bacterial events as assessed by flow cytometry. All data for this figure was acquired by flow cytometry.

of 20 µg/ml of Ab25 led to a binding affinity of KD 10 nM-
1. This constitutes high-affinity binding and an around 5-fold
increase in Fn-binding compared to Fn alone (Fig. 2d). How-
ever, the fit of the binding data was not as good for lower
concentrations, where there seemed to be a much larger rela-
tive difference in Fn-binding, indicating that the binding dif-
ference might be underestimated. Moreover, we found that
titrating the concentration of Ab25 leads to a positive mod-
ulation of Fn-binding where increasing the concentration of
Ab25 leads to more Fn being bound (Fig. S3). In summary,
we found that certain monoclonal antibodies targeting the M
protein are able to induce increased Fn-binding to GAS while
non-specific or pooled antibodies were not. When these an-
tibodies were used in conjunction with saliva or low concen-
tration plasma, we saw a similar phenotype which was di-
minished when higher concentrations of plasma were used.
We saw that while pooled antibodies could dampen the in-
crease in Fn induced by our monoclonals, this effect could
be outcompeted. Finally, Fn-binding affinity measurements
showed that Ab25 allows Fn to bind with increased affinity
to the bacterial surface.

Fn binds to the upper domain in M proteins and binding

co-varies with specific antibodies. While it was clear that
certain antibodies are necessary to induce high-affinity Fn-
binding to GAS we had not yet assessed what this means for
the Fn-binding binding capacity of individual M proteins. To
assess this, we employed super-resolution fluorescence colo-
calization microscopy (Fig. 3a). Colocalization was assessed
between Fn and a corresponding antibody treatment (mon-
oclonals Ab25 and Ab49, or polyclonal antibodies isolated
from convalescent patient plasma (CAbs)). Images of sin-
gle bacterial cells from each treatment group were acquired
using SIM microscopy, and protein binding to the bacteria
was individually assessed. We found that Ab binding unifor-
mity varied greatly depending on the respective Ab treatment
and the bacterial cell being assessed. However, we found
that, regardless of Ab treatment, the overwhelming major-
ity of assessed bacteria showed Fn signal that clearly colo-
calized with antibodies bound to the bacterial surface. Ad-
ditional representative images from the dataset of assessed
bacteria can be found in the supplementary (Fig. S4). Fur-
thermore, we wanted to assess if the Fn-binding site on the
M1 protein is truly in the N-terminal A-B repeats as sug-
gested previously (21) and whether this binding site remains
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Fig. 2. Certain monoclonal antibodies induce increased Fn-binding to M1 GAS in an M protein-dependent manner. a, the M-specific monoclonals Ab25 and 49 lead
to a significant increase in Fn-binding to SF370 GAS compared to the untreated control (UT, no additional antibody treatment). The non-binding control (Xolair), pooled
intravenous antibodies (IVIG), the M-specific monoclonal Ab32 did not. b, the M1 protein knock-out mutant SF370 ∆M was treated with Fn alone (UT) or in combination
with Xolair, IVIG, and the M-specific monoclonals (Ab25, 32, and 49). All antibodies and Fn were added at 20µg/ml. No significant difference in Fn-binding was observed
for any of the treatments compared to the untreated control. c, lower Ab background levels (80% saliva and 1% serum) result in an increased GAS Fn-binding compared
to the untreated control (UT, no additional antibody treatment) when Ab25 and 49 are substituted while this was not seen with other Ab treatments. Higher antibody titers
found in 80% and 10% serum reduced the effect substituted Abs had on GAS Fn-binding (all Abs were added at 20 µg/ml).d, Fibronectin binding affinity increases around
5-fold in the presence of Ab25. Binding curves of fibronectin with and without 20 ug/ml Ab25 give an estimate of affinity to protein M1. Fibronectin binding was measured
using flow cytometry. The figure shows measured binding with fitted ideal binding curves as a function of the total fibronectin concentration. N=3 for all concentration points.
Dissociation constants (KD) for the curves are given in the plot, together with a confidence interval calculated using the Bootstrap method. Error bars represent the SEM.
Statistical significance was assessed using Kruskal-Wallis combined with Dunn’s multiple comparisons test and * denotes p 0.05 and ** for p 0.005.
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the same if Fn-binding is induced by bound Abs. To assess
this, we used a microscopy-based site determination method
(28). This allowed us to measure the distance of a target pro-
tein from the cell wall with nanometer-scale precision (Fig.
b-c). Distance measurements done with control proteins, that
bind to known sites on M1, served as landmarks and allowed
us to extrapolate which relative region fibronectin was bind-
ing to. First, we assessed the Fn-binding induced by isolated
convalescent plasma antibodies (Cabs) and low-affinity Fn-
binding by treating with a high Fn concentration (500 µg/ml).
As a control, we assessed the binding distance of fibrinogen
(Fb) (Fig. 3b). The measurements showed that both CAb in-
duced, high-affinity Fn-binding and low-affinity binding of
highly concentrated Fn led to binding in the same region
of M (median binding distance: 26.5 and 22.4 nm respec-
tively). This lay below the binding distance of Fb (median
binding distance 46.4 nm) which is known to have multiple
binding domains in both the A and B repeats and therefore
also displays a larger data spread (29). Next, we measured
the binding distance for Fn bound due to Ab25 or Ab49 and
as controls assessed the binding distance of the antibodies
themselves which have both been shown to bind the central
S region (27) (Fig. 3c). We found that again, Fn was being
bound in a similar location to the previous Fn-binding dis-
tance measurements (median binding distance: 35.2 and 27.7
nm). The corresponding Ab binding measurements presented
smaller distance values (median binding distance: 11.9 and
13.5 nm), verifying that Fn was binding above both Ab bind-
ing epitopes on M – the constant region of M1. In summary,
colocalization scoring was done with the two functional mon-
oclonals as well as polyclonal antibodies purified from con-
valescent patient plasma. It showed that antibody binding to
the bacterial surface was highly heterogeneous and that most
bacterial cells assessed showed clear colocalization between
areas with bound antibodies and Fn. Site determination anal-
ysis found that, regardless of how the binding is realized, Fn
will bind to a region on the M protein which lies between the
central S region and the Fb binding region in the A repeats.

Monoclonal antibodies induce enhanced Fn-binding in
several tested M types. We had now confirmed that Fn was
being bound in the N-terminal variable region of M and that
certain antibodies, binding to the central conserved region,
could induce high-affinity Fn-binding. We knew that, due
to their binding site, our antibodies broadly react with mul-
tiple M types with differing potency (27). This presented
us with the opportunity to assess how generalizable the de-
scribed phenomenon is amongst various M strains and if we
would see a similar pattern than we had previously seen with
antibody binding to GAS. We tested our monoclonal anti-
bodies’ ability to induce Fn-binding with a total of four ad-
ditional GAS strains expressing various M types (M5, M12,
M79, M89) (Fig 4a). We found that compared to the M1
strain, all four other tested strains exhibited far higher back-
ground levels of Fn-binding - between 50 and 150 times
more Fn was bound by untreated (UT = no Ab treatment)
GAS strains compared to the M1 strain. The strains M1,
M79, and M89 all bound substantially higher amounts of

Fn when exposed to our monoclonal antibodies (Ab25 and
Ab49) while the M5 and M12 strains did not. This matched
the pattern seen for antibody binding to the strains (27). The
Fn-binding data were additionally normalized to the UT con-
trols for each strain which allowed for better visualization of
the effectiveness of each Ab treatment on a separate strain.
We found that, in terms of fold change, the M1 strain was
impacted most by the Ab treatment where, on average, Ab25
led to 40-fold more Fn being bound. While we saw a signifi-
cant increase in Fn-binding for the strains M79 and M89, the
high background levels of bound Fn in the UT group made
the effect less pronounced. Next, we wanted to better under-
stand how these distinct M types could be binding Fn under
the influence of our bound monoclonals. We, therefore, de-
cided to sequence the various M proteins expressed by these
strains. Since we had previously determined that Ab-induced
Fn-binding occurs in the variable A/B repeats, we aligned the
amino acid sequences of all five strains (Fig. 4b). To allow
for better alignment, we included the signal peptide in the
analysis. Our alignment showed that while there were natu-
rally strong homologies within the signal peptide sequence,
the A/B repeats showed almost none at all. The binding epi-
topes of both Ab25 and Ab49 have been framed in red and
green. For better comprehension, we have included a cartoon
of M protein to illustrate the Ab binding sites and proposed
relative Fn-binding site. (Fig. 4c) We used a percent iden-
tity matrix to compare sequence similarities between M types
(Fig. 4d). It shows that even though M1, M79, and M89 all
bound increased levels of Fn under the influence of our mon-
oclonals, their variable A/B were not substantially more sim-
ilar than M5 and M12, which did not. An only slightly higher
semblance was observed between M79 and M89. Fn-binding
data comparing 5 different M types showed that different M
strains bind vastly different base levels of Fn and that our
monoclonals targeting the conserved region of M led to sig-
nificantly increased binding in 3 of 5 strains. This matched
the capacity of the monoclonals to bind to the strains them-
selves as seen in a previous study (27). By comparing the
amino acid sequences of the variable A/B regions of the var-
ious M proteins, we found that the ability to bind Fn to the
M protein under the influence of bound antibodies did not
correlate with substantial sequence homology.

Discussion
It is well known that GAS possesses a multitude of Fn-
binding proteins which it uses to recruit Fn to its surface
– assisting in the process of colonization and infection of a
host. We were surprised to find that a GAS strain of the most
common M type (M1) bound only insignificant amounts of
Fn when incubated in human plasma. Further, we found that
incubation in plasma of convalescent patients led to a sub-
stantial increase in bound Fn instead of an expected reduc-
tion due to antibody interference. Using purified Fn and anti-
M monoclonal antibodies we found that it was in fact cer-
tain M protein targeting antibodies that led to this increase in
Fn-binding and that pooled antibodies from healthy donors
(IVIG) led to no such increase. When GAS was treated with

Wrighton et al. | Anti-streptococcal antibodies enhance protein function bioRχiv | 5

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 5, 2022. ; https://doi.org/10.1101/2022.05.04.490590doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.04.490590
http://creativecommons.org/licenses/by-nc-nd/4.0/


DRAFT

Fig. 3. Fn binds to the upper domain in M proteins and binding co-varies with specific antibodies. a, Representative fluorescence colocalization images of SF370
imaged with a N-SIM microscope. The cell wall was stained wheat germ agglutinin (WGA). The bacteria were then treated with Fn and one of 3 antibody treatments. These
were Ab25 (top), Ab49 (middle), and antibodies derived from a GAS infection convalescent donor (CAbs, bottom). On the right side, merged images of the WGA-stained
cell wall, Abs, and Fn are represented by cyan, magenta, and green respectively. The scale bar represents 1 µm. To the right of the image panel, the scoring data from
the assessed bacterial cells is displayed. At the top, the antibody binding uniformity scoring is displayed, and below that the colocalization scoring results are shown. The
score value attribution can be seen to the right of the graphs. b, Fn and fibrinogen (Fb) binding site distance measurements from the bacterial surface are displayed as
violin plots. Fn-binding resulting from CAb treatment and low-affinity Fn-binding, achieved by incubating the bacteria in high concentrations of Fn are displayed next to the
results from a binding distance control Fb. Both Fn-binding measurements showed that Fn consistently bound below Fb on the M protein. c, Violin plots showing binding site
distance measurements of Fn and corresponding Ab used to induce said Fn-binding (Ab25, Ab49). Regardless of the antibody treatment, the measured Fn-binding distance
was very similar and was in both cases larger than the Ab binding distance. d, Representative illustration showing a proposed binding model of Abs inducing Fn-binding to
surface-bound M protein. The scale bars represent relative binding distances attained from binding distance measurements.
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Fig. 4. Monoclonal antibodies induce enhanced Fn-binding in several tested M types. a, Five GAS strains expressing distinct M types (M1, M5, M12, M79, and M89)
were exposed to Fn in combination with Ab treatments. All strains showed variable levels of background Fn-binding when no treatment (UT) or no specific antibody was
present. For 3 of the 5 tested strains (M1, M79, and M89), treatment with the monoclonals Ab25 or 49 resulted in a significant increase in Fn-binding compared to the
untreated control. All antibodies were added at 20µg/ml. The data for this graph was acquired by flow cytometry. b, Amino acid sequence alignment of the various tested M
types. The sequences include the signal peptide (blue), A/B regions (orange), and the binding epitope sequences of Ab25 and 49. c, Illustration depicting the GAS M protein,
divided into its various regions whereby not all M types feature an S region. The binding sites of Ab25 and 49 are shown in red and green respectively, whereby Ab25 binds
to the M protein with both of its Fab domains in dual-Fab cis binding conformation (27). Site localization analysis (Fig. 3b-c) revealed that Fn binds above both antibodies.
d, Percent identity matrix showing the similarity of the aligned amino acid sequence of all tested M types. The data is shown as a heatmap. Error bars represent the SEM.
Statistical significance was assessed using one-way ANOVA combined with Dunnett’s multiple comparisons test and * denotes p 0.05 , ** for p 0.005, and *** for p 0.001,
and **** for p 0.0001.
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varying concentrations of pooled serum in combination with
the anti-M monoclonals, we saw that higher serum concen-
trations led to a dampened effect of the monoclonals on Fn-
binding. This was most likely due to anti-GAS antibodies
found in the serum which at high concentrations can outcom-
pete the monoclonals. However, at lower serum concentra-
tions, as well as in saliva, the anti-M had a pronounced effect
on Fn-binding indicating that this phenomenon is a niche-
specific effect. This would make sense since GAS most com-
monly infects and colonizes humans in the pharynx – an en-
vironment with low concentrations of IgG. This niche speci-
ficity, also reported for Fc binding function in GAS (30),
could also explain why we see slight differences between 1%
serum and saliva. While these most likely contain compara-
ble antibody concentrations, there are many serum proteins,
not found in saliva, which could be interfering in unknown
ways. While the pooled antibodies (IVIG) bound to GAS, we
found that far lower concentrations of our anti-M monoclon-
als could outcompete this binding indicating that a small anti-
body subpopulation is sufficient to induce this phenomenon.
In fact, we found that one of our three anti-M monoclonals,
Ab32, did not lead to such an effect. This could be due to
this antibody’s binding epitope – since Ab25 and 49 essen-
tially share a binding epitope. It is possible that this phe-
nomenon only occurs when antibodies bind to a very specific
region of the M protein. Affinity measurements revealed that
Fn alone bound to GAS with medium-high affinity. How-
ever, this binding affinity could be increased 5-fold with the
addition of Ab25.

To show that antibodies had to be bound to M protein in or-
der for efficient Fn-binding to occur, we utilized fluorescence
colocalization microscopy. Even in cases of non-uniform sur-
face binding of the antibodies, we found that Fn overwhelm-
ingly colocalized with bound antibodies. This indicates that
a direct interaction between M, antibodies, and Fn is neces-
sary to trigger the observed effect. Next, we wanted to assess
whether, in the presence of antibodies, Fn still bound to the
N-terminal region of M as previously described (21). We
employed a microscopy-based site localization method to as-
sess how far from the bacterial surface Fn was binding. We
found that regardless of the antibody treatment used to trigger
it, or if it was only Fn-binding by itself, Fn-binding always
occurred above our reference antibodies which bind to the
conserved S region of M1. Finally, since we now knew that
the Fn-binding was occurring in the variable N-terminal re-
gion of M we wanted to assess if our monoclonals targeting
a conserved region would induce the same response in other
M types. We found that, of the four additionally tested M
types, two bound more Fn in the presence of the monoclon-
als. Amino acid sequence analysis revealed that the variable
A-B repeats of all five strains differed significantly showing
no clear sequence homologies. This indicates that, as previ-
ously shown for the functionality of other bacterial surface
proteins, through convergent evolution, sequence homology
is not a prerequisite for identical function (31).

Streptococcus pyogenes was one of the first bacterial
pathogens proven to bind the host protein Fn to its surface.

It quickly became clear that this capability must be key to
stable colonization of a host and that it is of immense benefit
to the bacterium (22). Upon more in-depth study highly com-
plex immune-subversive mechanisms between GAS-bound
Fn and host cells came into focus (11, 32, 33). In recent
years many responsible Fn-binding proteins have been dis-
covered and in fact it is often the case that GAS strains ex-
press multiple heterologous Fn-binding proteins simultane-
ously (4). Protein production is a costly process in terms of
energy consumption and so, from an evolutionary standpoint,
it makes no sense for bacteria to express proteins that do not
benefit them. This makes it clear that Fn-binding must have
been a crucial function during the millennia of co-evolution
with the human immune system. We found that SF370, the
M1 strain used in this study, was only able to bind Fn very
weakly. This, despite the fact that it possesses the Fn-binding
protein FbaA (34) and has been shown to be able to bind Fn to
its M protein (21, 32). We must therefore ask ourselves: what
is the benefit of these Fn-binding proteins if they only bind Fn
so weakly? The findings detailed in this study indicate that
certain M1 GAS have evolved to ensnare and benefit from an-
tibodies - proteins built by the human immune system to be
inherently damaging to them. It is possible that M1 strains
are partly so successful since this mechanism gives them an
evolutionary advantage? It would be interesting to further
assess how this affects the virulence of such strains. Previ-
ous work found that complementing an M1-type strain with
the Fn-binding protein F1 resulted in attenuated virulence in-
vivo (35). At first, this may seem contradictory since GAS-
mediated Fn-binding has so clearly been linked to virulence
(11, 20, 33, 36). However, this may be an indication of the
importance of Ab enhanced M protein-mediated Fn-binding.
If certain M1 strains have adapted to be highly reliant on a
more energy-efficient means of binding Fn, such as binding
Fn with the assistance of binding antibodies, then the forced
expression of a superfluous protein could lead to metabolic
dysregulation resulting in lower fitness and thus virulence.
This could also be the case for the investigated M1 type strain
SF370. We found that it was very inefficient at binding Fn
even though it processes the gene for FbaA. Could evolution-
ary reliance on Ab-mediated Fn-binding to the M1 protein
have led to a low expression of this specialized Fn-binding
protein? Antibodies inducing such an effect seem to target
the conserved central region of the M protein. Intriguingly
it is this region that has been shown to attract the strongest
humoral immune responses (14, 15). Due to the conserved
nature of this region, antibodies targeting it will be reactive
towards many M types. We have seen that other M strains
such as M79 and M89 bound more Fn in the presence of the
antibodies. However, it is more difficult to understand the
phenomenon’s usefulness for these strains since they already
express highly efficient Fn-binding proteins. It, however, ex-
plains why the Fn-binding potential of these two M proteins
seems to have been overlooked up until now.

While the observed effect of these antibodies on M protein-
mediated Fn-binding is enticing, the exact mechanism re-
mains unknown. M protein is highly structurally complex
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and its specific conformation – dictated by environmental
factors such as temperature and pH alterations – has been
shown to have substantial effects on its function (34,35).
It has previously been shown that certain antibodies, upon
binding, can lead to conformational shifts in the target epi-
tope. Such findings include reports of antibodies, upon bind-
ing, leading to the inactivation or re-activation of enzymes,
allowing synergistic binding between antibodies or altering
the structure of a ligand to enhance binding to its receptor
(36–39). It is therefore plausible that the binding of an anti-
body to a neighboring domain on M is leading to an allosteric
shift which then allows for higher affinity Fn-binding. An-
other explanation could be that the binding antibody is lock-
ing the bound Fn in place by steric hindrance. Further studies
will be needed to better understand the precise mechanisms
which allow the observed enhanced binding to occur. Fi-
nally, it will be critical to study the physiological implications
caused by this phenomenon. GAS has already been linked to
many post-infection autoimmune sequelae such as rheumatic
carditis, glomerulonephritis, and Sydenham chorea. All these
diseases are mediated by antibodies which are thought to be
generated due to molecular mimicry between the M protein
constant regions and various human tissues (40). As previ-
ously mentioned, the M protein C repeats have been seen to
act as an immunogenic flag, actively drawing in an antibody
response (14, 15). It has not fully been understood why GAS
would benefit from actively encouraging the generation of
such antibodies since some can be detrimental to the bacte-
ria (27). However, our findings show that it is exactly these
antibodies which may allow the M protein to efficiently bind
Fn, directly benefiting the bacteria. Moreover, it would be
important to understand how it is beneficial for the bacteria
to possess a protein with a function which can be activated
through outside influence. It is possible that this phenomenon
acts as a sensing mechanism – triggering accumulation of Fn
on the bacterial surface just when the immune system begins
mounting an immune response. This could potentially allow
the bacteria to ‘react’ to a forthcoming hostile immune re-
sponse. This would not be the first report of GAS exhibiting
mechanisms to ‘sense’ environmental processes. Previous
observations found that by employing the major GAS surface
protein SclA/Scl1, GAS can adapt and respond to the host’s
wound environment by selectively binding wound associated
isotypes of Fn (44). Future studies exploring the physiologi-
cal impacts of antibody mediated binding of Fn to M protein
could prove essential in better understanding the highly com-
plex relationship between GAS and the immune system.

Materials and Methods
Bacterial strains, growth, and transformation Five differ-
ent GAS strains, expressing distinct M types were used for
this study (M1, M5, M12, M79, M89). Both M1 and M5
expressing strains, SF370 and Manfredo respectively, have
been thoroughly studied in previous studies (34, 45) The
other strains (M12, M79, M89) were clinical isolates derived
from patients with severe GAS infections. These specific M-
type strains were chosen since they were previously used to

test the cross-strain reactivity of the monoclonals. In this as-
say, M5 and M12 showed the weakest reactivity while M79
and M89 showed the strongest. (27) The GAS strains were
grown statically in Todd-Hewitt Yeast media (THY) at 37°C,
5% CO2. The strains were maintained on THY agar plates
for three weeks before being replaced with a plate freshly
streaked from -80°C stocks. For binding experiments, bacte-
ria were grown to logarithmic phase by diluting an overnight
culture 1:20 in fresh THY. After dilution bacteria were grown
until they were in the mid-log phase – around 2 to 2.5 hours
or until they reached an OD600 of 0.4. For the transforma-
tion of GFP expressing SF370 and the M1 knock-out mu-
tant strain ΔM were washed in ice-cold water to make them
electrocompetent. These bacteria were electroporated with
20 µg of the pGFP1 plasmid and after a 1-hour recovery pe-
riod, the bacteria were plated on THY plates supplemented
with erythromycin. Successful transformants were tested for
fluorescence under ultraviolet light. Heat-inactivation of the
bacteria was done by growing them to mid-log as described
previously. Thereafter, they were washed in PBS before be-
ing transferred to ice for 15 minutes. Next, the bacteria were
heat-shocked at 80°C for 5 minutes and immediately trans-
ferred back to ice for another 15 minutes. For site localiza-
tion analysis SF370 GAS was grown to mid-log as previously
described. The culture was then centrifuged and washed in
10 ml of PBS. The bacteria were then resuspended in 1ml
of PBS. The bacterial cell wall was, depending on the ex-
periment, either stained with AlexaFluor (AF) 488 or AF594
conjugated WGA. After staining the bacteria were sonicated
and then fixed in 1% PFA for 30 minutes at RT. After fixing,
Tris was added for a final concentration of 333 mM to quench
PFA before centrifugation. This reduced bacterial clumping
during centrifugation.

Plasma and serum samples The convalescent patient sam-
ples used in Fig. 1a were received from colleagues working at
the infectious disease department. We were not given infor-
mation beyond the fact that all three patients had suffered and
recovered from severe invasive GAS infections. The healthy
donor plasma for this panel was derived from healthy donors
who had no symptoms at the time of venous puncture. For
Fig. 1b plasma derived from the GAS convalescent donor
whose b-cells were originally isolated to attain the monoclon-
als tested in this study (Ab25, 32, 49). The pooled plasma
was commercially available pooled control plasma (Affinity
Biologicals Inc.). For the experiments depicted in Fig. 2c
the pooled serum was purchased from Sigma. The pooled
saliva was made by pooling saliva from 10 healthy donors.
The saliva was then centrifuged to remove coarse debris and
then filtered with a 0.2 µm syringe filter.

Monoclonal antibodies The monoclonal antibodies em-
ployed in this study were previously generated and inves-
tigated at length (27). All antibodies were of the subclass
IgG1. Ab25, Ab32, and Ab49 were found to bind to GAS
M protein with high specificity and affinity. The antibod-
ies were also shown cross-react with M types. Cross-linking
combined with mass spectrometry revealed that the binding
epitopes of all three monoclonals lay close to the central S
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region of the M1 protein. Ab25 presented a special binding
conformation whereby it bound the M protein in cis dual-Fab
conformation. This means that it bound M with both its Fab
domains simultaneously with epitopes on both sides of the S
domain.

Antibody purification, digestion, and assessment Mono-
clonal antibody generation and purification was done as pre-
viously described (27). Antibody purification from plasma
was done by incubating plasma with protein G Sepharose
beads (Cytiva). The beads were incubated with the plasma
for 2 hours before being transferred to a chromatography col-
umn. The beads were then washed 4 times with 10 ml of
PBS without allowing the beads to dry out between or after
washes. The antibodies were then eluted with 0.1 M glycine
which was immediately buffered with Tris. Centrifugal filter
columns (Millipore, Merk) were used to exchange the buffer
to PBS.

Fibronectin and antibody conjugation Fn purified from hu-
man plasma (sigma) or monoclonal antibodies were fluores-
cently conjugated using AlexaFluor 488 and 647 Ester (Invit-
rogen). The conjugation and purification were done accord-
ing to the manufacturer’s guidelines. Protein concentration
after purification, as well as the degree of labeling, was as-
sessed using a DeNovix DS-11 FX system.

Fn-binding assays and flow cytometry GFP expressing
SF370 WT and ΔM, as well as M5, M12, M79, M89 GAS
were grown to mid-log as previously described. The bac-
teria were centrifuged and thoroughly resuspended in 1 ml
of PBS. For patient plasma incubation experiments (Fig-
ure 1a-b) varying dilutions of plasma were prepared in a
96-well plate whereupon 10 µl of the mid-log culture con-
centrate was directly added. As pooled plasma, we used
frozen normal control plasma (VisuCon-F, Affinity Biolog-
icals) which, according to the manufacturer, was collected
from at least 20 healthy donors. Bacteria were incubated with
the plasma for 30 min at 37°C. After incubation, the plate
was centrifuged, and the bacteria were washed twice in PBS.
The bacteria were stained with an anti-Fn antibody (Thermo
Fisher) and incubated for 30 min at 37°C. The bacteria were
then washed once to remove the primary antibody and then
stained with an anti-mouse fluorescent secondary conjugated
with AlexaFluor 647 (Thermo Fisher). Fibronectin bind-
ing was assessed by flow cytometry (CytoFlex, Beckman
Coulter). GFP-expressing bacteria were assessed by gating
for FITC positive events. This gate was then assessed for
Fn median fluorescence intensity (MFI) in the APC chan-
nel. Since it was not possible to transform all M strains for
the cross-strain binding experiment the bacteria were gated
using SSC and FSC. The accuracy of this gating strategy
was confirmed by comparing both gating methods with GFP-
expressing strains. The pooled serum and saliva experiment
(Figure 2c) was done following a similar protocol. Pooled
human serum (Sigma) dilutions and pooled saliva were pre-
pared in a 96-well plate. The anti-GAS monoclonals Ab25,
Ab32, and Ab49 as well as the non-binding control Xolair
(Novartis) was added at 20 µg/ml before 10µl of the concen-
trated mid-log SF370 culture was added. As an untreated

control (UT), PBS was added instead of monoclonal antibody
treatment. The rest of the experiment was done following the
same protocol as mentioned previously. After the acquisi-
tion, the MFIs were normalized to the results attained from
the untreated samples. The Fn binding experiments only em-
ploying purified antibodies (Fig. 2a-c and Fig. 4a) were done
by preparing a plate with the corresponding antibodies (20
µg/ml) and AlexaFluor 647-Fn (20 µg/ml). As an untreated
control (UT), only PBS was used. 80 µl of a non-concentrated
mid-log culture of the corresponding bacteria was added to
each well. The bacteria were incubated for 30 minutes at
37°C. After incubation, the bacteria were washed twice with
PBS before assessment of bound Fn by flow cytometry as
detailed above.

Affinity measurements 10 ml of a SF370 culture were con-
centrated into 1000 µl of PBS, and 10 microlitres of bacte-
ria were added to three 1.5ml tubes – one for each binding
curve. 300 µg/ml of AlexaFluor 647-conjugated fibronectin
was added to the first tube. 50 µg/ml of AlexaFluor 647-
conjugated fibronectin and 20 µg/ml of Ab25 were added to
the second tube. 1 µg/ml of AlexaFluor 647-conjugated fi-
bronectin and 20 µg/ml of Ab25 were added to the third tube.
All tubes were incubated on shake at 4 degrees Celsius for
30 mins. Bacteria and all constant protein concentrations for
each binding curve were added to wells of a 96-well plate –
20 µg/ml of Ab25 in each well for the second binding curve
and 20 µg/ml fibronectin in each well for the third binding
curve. Serial dilutions were made with the prepared wells us-
ing the tube samples as maximum concentration points. The
well plate was incubated on shake for 30 mins at 4 degrees
Celsius. Flow cytometric acquisition was performed using a
CytoFLEX. Theoretical fit was performed in MATLAB using
a weighted least squares method for an ideal binding curve
with the dissociation constant as an unknown variable. The
accuracy of predicted affinity estimates was calculated using
the Bootstrap method (46) and is the confidence interval cal-
culated from 50 resamplings of the acquired data.

SIM imaging For the fluorescent colocalization microscopy
experiments as well as determination of the Fn-binding site,
the bacteria were prepared as mentioned above. For the
colocalization experiments, the cell wall of SF370 GAS was
stained using AlexaFluor 594-conjugated wheat germ agglu-
tinin (WGA). The Fn was conjugated with AlexaFluor 488
and the bound antibodies were visualized using a Fab anti-
human IgG Fab secondary conjugated with AlexaFluor 647
(Jackson ImmunoResearch). The site localization experi-
ments were done with SF370, whereby the cell wall was
stained with AlexaFluor 488-conjugated wheat germ agglu-
tinin (WGA). They were then opsonized with AlexaFluor
647-conjugated Fn and corresponding non fluorescently la-
beled antibodies. All treatments were used at 20 µg/ml except
high Fn, used to show low-affinity Fn-binding, for which 500
µg/ml of Fn was used. To ensure thorough opsonization the
bacteria were incubated with their corresponding treatments
for 30 minutes at 37°C while shaking. After incubation, the
bacteria were washed once in PBS. Samples were mounted
on glass slides using Prolong Gold Antifade Mountant (Invit-
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rogen) with 1.5H coverslips. Single bacteria were manually
identified and for site localization determination they were
imaged with a time series of 15 images per channel. Im-
ages of single bacteria were acquired using a Nikon N-SIM
microscope equipped with a 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.). Re-
construction was done with Nikon’s proprietary SIM soft-
ware included in NIS Elements Ar (NIS-A 6D and N-SIM
Analysis). The analysis pipeline for site determination was
implemented in Julia and is available on GitHub (28). Rep-
resentative illustrations showing hypothetical protein binding
to M were made in Adobe Illustrator.
M strain sequencing and amino acid alignment The ge-
nomic DNA of the 5 assessed M strains were isolated and
purified using the Wizard Genomic DNA Purification Kit
(Promega). The growing of strains, bacterial lysis, and DNA
were done according to the manufacturer’s guidelines. Af-
ter isolation, the DNA was sequenced using the TruSeq DNA
PCR-Free platform from Illumina. The M protein amino acid
sequences were aligned and analyzed using Clustal Omega
(1.2.4).
Graphs and statistical analysis All graphs and statistical
analysis were done in GraphPad Prism (9.3.1.). To assess sta-
tistical differences in the Fn-binding to SF370 GAS induced
by various anti-M monoclonals (Fig. 2a-c) we employed the
Kruskal-Wallis H test combined with the Dunn multiple com-
parisons post hoc test. For the assessment of statistical differ-
ences in Fn-binding to various M-type GAS strains (Fig. 4a)
we employed an ANOVA combined with Dunnett’s post hoc
multiple comparisons test.
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