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SUMMARY

The nervous system, the immune system, and microbial pathogens interact closely at barrier
tissues. Here we find that a bacterial pathogen, Streptococcus pyogenes, hijacks pain and neuronal
regulation of the immune response to promote bacterial survival. Necrotizing fasciitis is a life-
threatening soft tissue infection in which “pain is out of proportion” to early physical
manifestations. We find that S. pyogenes, the leading cause of necrotizing fasciitis, secretes
streptolysin S (SLS) to directly activate nociceptor neurons and produce pain during infection.
Nociceptors, in turn, release the neuropeptide calcitonin gene-related peptide (CGRP) into infected
tissues, which inhibits the recruitment of neutrophils and opsonophagocytic killing of S. pyogenes.
Botulinum neurotoxin A and CGRP antagonism block neuron-mediated suppression of host
defense, thereby preventing and treating S. pyogenes necrotizing infection. We conclude that
targeting the peripheral nervous system and blocking neuro-immune communication is a
promising strategy to treat highly invasive bacterial infections.
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Flesh-eating bacteria hijack a pain response that suppresses host defense and blocking this neuro-
immune communication holds potential for treatment

The skin is a major barrier tissue that is exposed to external insults and microbial invasion.
The somatosensory nervous system densely innervates the skin, detecting noxious and
environmental stimuli to mediate pain, itch, thermosensation, and mechanosensation
(Abraira and Ginty, 2013; Basbaum et al, 2009). Somatosensory neurons actively
communicate with the immune system in pain and inflammatory conditions (Pinho-Ribeiro
et al., 2017). However, the role of the sensory nervous system in host defense is not well
understood. Here we find that Streptococcus pyogenes, an invasive bacterial pathogen,
activates sensory neurons to produce pain and to induce neural suppression of the immune
system to enhance its survival during infection.

Necrotizing fasciitis (or “flesh-eating disease”) is a life-threatening, aggressive bacterial
infection of the subcutaneous tissue and underlying fascia. A cardinal manifestation of this
infection is “pain out of proportion” to physical findings at early time points (Borschitz et
al., 2015). S. pyogenes (or group A Streptococcus) is a gram-positive bacterial pathogen and
the leading cause of necrotizing fasciitis (Leitch et al., 2000). S. pyogenes also frequently
causes pharyngitis (or “strep throat”), a painful infection that affects 600 million people
annually (Ralph and Carapetis, 2013). Necrotizing fasciitis is difficult to treat and has a
mortality rate of 24-32% in developed countries (Cole et al., 2011). Due to its rapid
progression, disfiguring surgical debridement or limb amputation is often required to prevent
mortality. Despite the importance of pain in the diagnosis of necrotizing fasciitis, the role of
pain in S. pyogenes invasion is unclear.

Nociceptor neurons are the specific subset of peripheral sensory neurons that mediate pain,
an unpleasant sensation that warns organisms of danger. In addition to transducing pain
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signals to the central nervous system, nociceptors release neuropeptides from their
peripheral nerve terminals that can directly modulate inflammation. These neuropeptides
bind to their cognate receptors on immune cells, leading to changes in transcription,
cytokine production, and immune phenotypic polarization (Pinho-Ribeiro et al., 2017).
Recent work shows that sensory neurons communicate with immune cells in allergic airway
inflammation (Caceres et al., 2009; Talbot et al., 2015), atopic dermatitis (Wilson et al.,
2013a, 2013b; Oetjen et al, 2017), and psoriasis (Riol-Blanco et al., 2014).

We identify a critical role for the nervous system in the regulation of host defense during S.
pyogenes invasive infection. In mouse models of necrotizing fasciitis established using S.
pyogenes clinical isolates, we show that bacteria directly activate TRPV1* neurons to
produce pain through the action of the secreted pore-forming toxin SLS. Nociceptors release
CGRP, a neuropeptide that suppresses the recruitment and bactericidal activity of neutrophils
essential for host defense. Silencing nerve fibers and their signaling to immune cells via
administration of botulinum neurotoxin A (BoNT/A) or a CGRP antagonist halts bacterial
invasion, showing that targeting the nervous system could be a strategy to enhance host
defense and treat invasive bacterial infections.

RESULTS

S. pyogenes induces pain independently of the inflammatory response

To study the role of pain fibers in bacterial invasion, we adapted a mouse model of S.
pyogenes infection shown to mimic pathologic features of human necrotizing fasciitis
(Ashbaugh et al., 1998). We used two S. pyogenes strains from human infections: 1) 854 M-
type 1 (M1), a clinical isolate representative of the dominant clonal group among isolates
from contemporary invasive infections (Gryllos et al., 2008), and (2) 950771 M-type 3 (M3),
a clinical isolate from a child with necrotizing fasciitis (Ashbaugh et al., 1998).

We initiated subcutaneous infection of the mouse hind paw, which is densely innervated and
well suited for the study of pain reflex behaviors. Both bacterial strains induced progressive
edema and dermonecrotic lesions (Figure 1A), necrosis in the subcutaneous tissues,
overlying dermis, and thrombosis of the arterioles and venules, resembling human
necrotizing fasciitis (Figure 1B). Body weight loss and mortality occurred over time,
associated with bacterial proliferation (Figure SIA-S1C). While M3 produced lethality at all
doses, M1 only caused death at the highest dose (Figure S1B).

Pain behavioral analysis showed that both S. pyogenes M1 and M3 bacterial strains evoked
dose-dependent and robust, spontaneous lifting/licking and flinching pain reflexes of the
infected paw within minutes of injection (Figures 1C, SID-S1E). M1 and M3 strains also
produced dose-dependent mechanical hyperalgesia (increased sensitivity to noxious stimuli)
within 1 h that continued for 48 h post-injection (Figure 1D). At lower doses, M1 infection
induced stronger mechanical hyperalgesia than M3 infection. Heat hyperalgesia was also
robustly produced by S. pyogenes M1 and M3 in a similar time course as mechanical
hyperalgesia (Figure 1E). Because mechanical and heat sensitivity returned towards baseline
at 48 h after infection (Figure 1D-1E), we determined if this transition was correlated with
neural damage. At 48 h and 72 h post-infection, we did not detect significant changes in the
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proportions of TRPV1+, CGRP+, or NF200+ cell bodies in the L4-L6 dorsal root ganglia
(DRG) (Figure S1F). However, we detected loss of sensory nerve fibers innervating the
footpad in mice infected with M1 S. pyogenes at 72 h. At the center of infected lesions,
there was complete loss of CGRP+ and PGP9.5+ nerves, with some intact nerves at lesion
borders, whereas nerves remained unaffected in areas remote from the lesion (Figure S1G).
Thus, S. pyogenes infection induces significant spontaneous pain and hyperalgesia at early
time points, as well as subsequent local loss of sensory nerves.

We next determined whether inflammatory mediators or immune cells drove the early
intense hyperalgesia during S. pyogenes infection. lbuprofen, which blocks cyclooxygenase
mediated prostaglandin synthesis, had no effect on mechanical or heat hyperalgesia (Figure
S2A). We next found that mice deficient in caspase-1 (CaspZ™"), which mediates IL-1f
production, or mice deficient in myeloid derived factor 88 (Myd88~), which mediates toll-
like receptor and IL-1R signaling, developed hyperalgesia similar to wild-type mice
following S. pyogenes infection (Figure S2A). Neither depletion of neutrophils (Grl
antibody treatment), nor deficiency in recombination activating gene 2 (Rag2~'~), which
mediates T and B cell development, altered the development of hyperalgesia after infection
(Figure S2A). These data, together with the observation that S. pyogenes induces pain within
minutes, suggest that bacteria may directly interact with neurons independent of the immune
response.

S. pyogenes directly activates nociceptor neurons through SLS

We next determined whether S. pyogenes could directly act on sensory neurons to produce
pain. Live M3 S. pyogenes induced robust calcium influx in DRG neurons /n7 vitro within
minutes of application (Figure 1F). Bacteria-responsive neurons also frequently responded
to capsaicin, a ligand for TRPV1, a heat-sensitive ion channel expressed by many
nociceptors. At lower bacterial concentrations (5x108-5x10° cfu/mL), more capsaicin-
responsive (Cap+) neurons were activated by S. pyogenes than capsaicin-unresponsive (Cap
-) neurons. At 5x1010 cfu/mL, the majority of DRG neurons were activated (Figure 1F).
Bacteria-free filtered supernatant from M1 S. pyogenes cultures also induced calcium influx
in DRG neurons in a dose-dependent manner (Figure 2A). Similar to responses to live
bacteria, Cap+ nociceptors were more responsive to supernatants from lower density
bacterial cultures than were Cap— neurons (Figure 2A). We observed that DRG neurons with
smaller cell body areas were more sensitive to activation by bacterial supernatant than
larger-sized neurons (Figure S2B).

We hypothesized that S. pyogenes pore-forming toxins (PFT) could be molecular candidates
for mediators of neuronal activation, due to their capacity to induce cation influx in
mammalian cells (Bentley et al., 2005). S. pyogenes produces two PFTs, streptolysin O
(SLO) and SLS. We generated M1 and M3 isogenic mutant strains that lacked expression of
SLO (Aslo), SLS (AsagA), or both toxins (As/oAsagA). Supernatant from bacteria deficient
in SLS (AsagA and AsloAsagA) did not induce calcium influx in DRG neurons (Figure 2B—
2D). Plasmid complementation of SLS (pDL:sagA) into SLS mutant bacteria (AsagA
+pDL.:saga and AsagAAslo+pDL:sagA) restored the ability of S. pyogenesto activate
neurons at similar levels as wt bacteria (Figure 2B-2D). SLS (sagA) was required for S.
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pyogenes mediated neuronal activation at both low and high bacterial concentrations for Cap
—and Cap+ cellular subsets (Figures 2D, S2C-S2D). We also found that S. pyogenes
mediated release of the neuropeptide CGRP by DRG neurons in a SLS-dependent manner
(Figure 2E). LDH release assays showed that this neuropeptide release was unrelated to cell
lysis (Figure S3A). SLO activity was intact in wt and sagA mutant strains, indicating these
effects were specific to SLS (Figure S3B).

SLS is critical for S. pyogenes-induced pain and pathogenesis

To determine the role of SLS in pain /7 vivo, mice were infected with wt or mutant S.
pyogenes strains. Spontaneous lifting/licking pain behaviors were abrogated in mice infected
with SLS-deficient bacteria (AsagA and AsloAsagA) on both M1 and M3 S. pyogenes strain
backgrounds, but not in mice infected with bacteria deficient in SLO alone (As/o) (Figure
3A). Spontaneous flinches were abrogated in mice infected with SLS deficient strains
(Figure 3B). Paw swelling and bacterial load recovery after infection did not vary between
wt and mutant strains post-infection at the 1 hour time point after analysis of spontaneous
pain behaviors (Figure S3C-S3D).

We next found that mice infected with SLS mutants (AsagA or AsloAsagA) did not develop
mechanical hyperalgesia, while wt and As/o strains induced significant mechanical
hyperalgesia (Figure 3C). Heat hyperalgesia was not significantly altered by deficiencies in
SLS or SLO (Figure 3D). We next determined whether antibody neutralization of SLS
affected S. pyogenes-induced pain. Mice were treated with a polyclonal antibody against a
synthetic peptide encoded by sagA (Dale et al., 2002). Anti-SLS, but not control IgG,
blocked spontaneous pain behaviors following M3 S. pyogenes infection (Figures 3E, S3E).
Plasmid complementation with a functional copy of sagA (pDL:sagA) fully restored
spontaneous pain reflexes induced by mutant SLS strains (Figure 3F).

To investigate the role of SLS in mediating S. pyogenes pathogenesis during soft tissue
infection, we initiated infection by subcutaneous injection of M1 S. pyogenes (5%108 cfu)
into the flank, a model that allows serial measurement of skin lesions over time (Ashbaugh
et al., 1998). Dermonecrotic lesions appeared 1 day after injection of wt strain, peaked at
day 9, and began to decrease after day 10, while mice infected with AsagA bacteria did not
develop dermonecrotic lesions (Figure S4A). No bacteria were recovered at day 9 from mice
infected with AsagA S. pyogenes (Figure S4B). Local abscesses resolved faster in mice
infected with AsagA bacteria, and weight loss was also dependent on SLS (Figure S4C-
S4D). Plasmid complementation of AsagA bacteria with pDL:sagA restored dermonecrosis,
bacterial proliferation, abscess formation and weight loss to similar levels as wt bacteria
(Figure S4A-S4D).

Ablation of nociceptor neurons improves host control of S. pyogenes invasion

Since nociceptor neurons responded directly to SLS, which was crucial for S. pyogenes
pathogenesis, we investigated whether pain fibers played a role in the outcome of infection.
We specifically ablated TRPV1 neurons by crossing 7rpvI-Cre mice with diphtheria toxin A
reporter (Dra) mice, which ablates TRPV1-lineage neurons. Heat and mechanical
hyperalgesia induced by M1 S. pyogenes was eliminated in 7rpvI-Cre/Dta mice compared

Cell. Author manuscript; available in PMC 2019 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pinho-Ribeiro et al.

Page 6

to control littermates (Figure 4A-4B). Infection-induced spontaneous pain reflexes were
also reduced in these mice (Figure S4E). Loss of TRPV1+ and CGRP+ DRG neurons was
confirmed by immunostaining (Figure S4F).

We next found that 7rpvI-Cre/Dtamice developed significantly smaller dermonecrotic
lesions and faster weight recovery compared to controls following S. pyogenes flank
infection (Figure 4E—4F). In a second approach to ablate nociceptors, we treated mice with
resiniferatoxin (RTX), a high affinity TRPV1 agonist. RTX treatment abrogated spontaneous
pain behaviors, mechanical and heat hyperalgesia induced by S. pyogenes infection (Figures
4C-4D, S4G), and led to loss of TRPV1+ and CGRP+ neurons (Figure S4H). RTX-treated
mice developed significantly less dermonecrosis and regained body weight faster than
vehicle-treated mice following infection (Figure 4G—4H). Skin abscess sizes in RTX-treated
mice also resolved faster (Figure S5A). Histopathologic analysis of skin from RTX-treated
mice revealed containment of the bacterial infection within a circumscribed abscess
containing polymorphonuclear leukocytes, whereas vehicle-treated animals showed necrosis
of the subcutaneous tissues with abundant bacteria and relatively few leukocytes (Figures
5A, S5B). Quantitative cultures confirmed log-fold reductions of S. pyogenes in lesions of
RTX-treated mice compared to vehicle controls (Figure 5B). S. pyogenes was cultured from
spleens of vehicle-treated mice on day 9, whereas spleens of RTX-treated mice did not yield
detectable bacteria (Figure 5B). Spleen size increased during infection in vehicle-treated
mice, but not in RTX-treated mice (Figure S5C).

Neutrophils are essential for S. pyogenes clearance and prevention of bacterial dissemination
(Hidalgo-Grass et al., 2006). FACS analysis of infected tissues indicated that more CD11b
*Ly6G™* neutrophils were recruited in 7rpv-Cre/Dta mice compared to controls (Figure 5C—
5D). We observed a similar increase in RTX-treated mice compared to vehicle-treated mice
(Figure 5C, 5E). By contrast, we did not detect significant differences in Cd11b*Ly6G
~Ly6CN monocytes, CD11b*Ly6GLy6C'® monocytes, Cd11b*Ly6G~Ly6C™ myeloid cells,
or CD11b~Cd45™" leukocytes (Figure 5D-5E). The host protective effect of RTX-treatment
was eliminated by GR1-mediated neutrophil ablation, causing mice to develop
dermonecrotic lesions, abscesses, and weight loss similar to controls (Figure SSD-S5F).

TRPV1 neurons release CGRP into infected tissues

Given our observation that S. pyogenes induced CGRP release by cultured nociceptor
neurons /n vitrothrough SLS (Figure 2E), we next determined whether bacterial invasion
also induced CGRP release at the infection site using an ex vivo organ culture of skin
explants (Figure 5F). A significant increase in CGRP levels was observed from biopsies
collected 7 h after S. pyogenes infection, returning to baseline levels at 24 h (Figure 5G).
This CGRP release was TRPV1 neuron dependent, as 7rpvI-Cre/Dta mice showed reduced
CGRP release after S. pyogenes infection compared to littermate controls (Figure 5H), and
RTX-treated mice showed lower CGRP release in infected tissues compared to vehicle-
treated controls (Figure 5H).
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BoONT/A dissociates pain perception from neural regulation of host defense

Botulinum neurotoxin A (BoNT/A) is a bacterial toxin that cleaves SNAP-25, a component
of the SNARE complex required for neuronal vesicle release (Binz et al., 1994). We used
two different protocols of BONT/A treatment (subcutaneous vs. intrathecal) to dissociate the
effects of peripheral neuropeptide release from central pain transmission, to understand the
roles of each neuronal process in bacterial infection.

BoNT/A was first injected subcutaneously at the anticipated site of infection 6 days prior to
the bacterial inoculum. BoNT/A local treatment dramatically prevented the development of
dermonecrotic lesions caused by S. pyogenes infection (Figure 6A—6C), with significantly
reduced abscess formation (Figure S6A) and body weight loss (Figure 6D). Local BONT/A
treatment had no effect on spontaneous pain and hyperalgesia during infection (Figure S6B—
S6C).

By contrast, intrathecal injection of BONT/A (Figure 6E) efficiently blocked both
spontaneous pain and hyperalgesia caused by S. pyogenes infection (Figure S6D-S6E), but
had no effect on dermonecrotic lesions, abscess size, or body weight loss (Figures 6F—6H,
S6F). BONT/A inhibited S. pyogenes-induced CGRP release when applied to cultured DRG
neurons (Figure 61). While subcutaneous BoNT/A treatment inhibited infection-induced
CGRP release, intrathecal BoNT/A treatment did not alter this CGRP release (Figure 6J).
These results indicate that rather than central pain neurotransmission, peripheral
neuropeptide release is likely a key modulator of host defense.

CGRP released by neurons inhibits neutrophil-mediated killing of bacteria

We next asked whether nociceptor neurons could affect the opsonophagocytic killing of S.
pyogenes by mouse neutrophils. In the presence of cultured nociceptors, the killing of S.
pyogenes by mouse neutrophils was significantly inhibited (Figure 7A). Pre-treatment of
neurons with BoNT/A reversed the suppressive effect of DRG neurons on the capacity of
neutrophils to kill S. pyogenes (Figure 7A). CGRP receptor antagonists CGRPg_37 and
BIBN4096, when added to DRG neurons together with neutrophils, each prevented the
suppressive effects of DRG neurons on neutrophil killing of S. pyogenes. BoNT/A,
CGRPg_37, and BIBN4096 did not have direct effects on S. pyogenes growth or viability,
indicated that they acted on neural-immune signaling (Figure S7TA-S7B). We also observed
that mouse CGRP inhibited murine neutrophil killing of S. pyogenes (Figure 7B), and
human CGRP inhibited the killing of S. pyogenes by human whole blood (Figure 7C).
CGRP inhibited the activity of the bactericidal enzyme myeloperoxidase (MPO) in
neutrophil supernatants in a dose-dependent manner in the presence of S. pyogenes (Figure
S7C).

BoONT/A injection and CGRP receptor antagonism treats infection

We next explored the therapeutic potential of BONT/A treatment and CGRP receptor
antagonism for S. pyogenes invasive infection. Local BoONT/A or systemic BIBN4096
treatments, when administrated 2 h after infection, were associated with increased bacterial
clearance in the skin (Figure S7D), smaller dermonecrotic lesions (Figure 7D) and reduced
abscesses compared to mice treated with vehicle alone (Figure S7E). BONT/A or BIBN4096
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increased the recruitment of neutrophils to the infected area compared to infected, untreated
mice (Figure S7F).

We next determined if BONT/A administration at later time points could treat infection. At
the 48 h time point, when large lesions were evident, mice were injected with BoNT/A or
vehicle at sites around the lesion (Figure 7E). These injections halted the progression of S.
pyogenes invasion, leading to less dermonecrosis and a rapid decrease in abscess size
(Figure 7F-7G). A second BoNT/A injection at day 9 post-infection did not appear to
further accelerate resolution of dermonecrotic lesions or abscesses but may have a beneficial
effect on weight recovery (Figure S7G).

DISCUSSION

The goals of the present investigation were to determine mechanisms of pain associated with
S. pyogenes invasion and role of neurons in host defense. We found that pain during
infection depended on bacterial production of the toxin SLS. SLS triggered neural release of
CGRP into infected tissues, which inhibited neutrophil recruitment and bactericidal activity,
facilitating S. pyogenes survival. These data indicate that S. pyogenes hijacks pain and
neural modulation of immunity to drive bacterial invasion. Blocking neuro-immunological
signaling using BoNT/A or a CGRP antagonist were identified as strategies to treat
infections.

The molecular basis of pain in necrotizing fasciitis

“Pain out of proportion” to physical findings is a hallmark of necrotizing fasciitis. In a
survey of clinical parameters, pain was the best predicting factor for distinguishing
necrotizing fasciitis from cellulitis (Borschitz et al., 2015). Though pain correlates with
disease severity, its underlying mechanisms were unknown. We find that SLS critically
mediates pain in mouse models of S. pyogenes necrotizing fasciitis. This role was revealed
using several strategies: 1) comparison of pain produced by wt and isogenic mutant strains
lacking SLS (sagA) from two clinical isolates; 2) antibody-mediated neutralization of SLS;
and 3) plasmid complementation of SLS in isogenic mutants to restore neuronal activation.
SLS-mediated spontaneous pain reflexes in mice maybe analogous to stabbing, sporadic
pain experienced by humans during infection. SLS-mediated mechanical hyperalgesia
maybe analogous to pressure-induced pain of infected tissues. SLS did not contribute to heat
hyperalgesia, a pain modality that requires further investigation.

SLO and SLS are both implicated in S. pyogenes evasion of host defenses (Flaherty et al.,
2015; Lin et al., 2009; Sierig et al., 2003). SLS is a small oxygen-stable, pore-forming
peptide from the thiazole/oxazole-modified microcin family and member of a class of post-
translationally modified virulence peptides that occur across several species of pathogenic
bacteria (Nizet et al., 2000). SLO, by contrast, is a relatively large oxygen-labile toxin and
member of cholesterol-dependent cytolysins (Tweten et al., 2015). We show that SLS, but
not SLO, is responsible for the pain of necrotizing fasciitis. We also found that SLS showed
more selectivity for TRPV1 neurons at lower bacterial concentrations but activated most
DRG neurons at higher concentrations. A recent study showed that SLS activates Band3, an
anion exchanger in erythrocytes (Higashi et al, 2015). We do not find Band3 in sensory
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neurons in transcriptional datasets (Chiu et al, 2014). Thus, the basis of SLS selectivity for
TRPV1 neurons remain unclear.

S. pyogenes infection induced significant nerve loss within the lesion site but not the loss of
DRG cell bodies. This finding may relate to necrotizing fasciitis, where intense early pain
transitions to local loss of sensation at later time points (Buchanan and Haserick, 1970;
Wilson and Haltalin, 1973). The degree of pain and nerve loss is likely a balance between
SLS activity and membrane repair. Host cells activate membrane repair processes like
microvesicle shedding and lysosomal fusion in response to streptolysins and other PFTs
(Romero et al, 2017). Given that SLS is a highly damaging molecule, it may be
evolutionarily beneficial for nociceptors to detect SLS and produce pain. Alternatively, S.
pyogenes could selectively target nociceptors to suppress immunity for its advantage.

Nociceptor neurons suppress immunity and bacterial killing

Neuro-immune interactions at barrier surfaces play a major role in tissue inflammation
(\Veiga-Fernandes and Mucida, 2016). In the skin, crosstalk between sensory neurons,
keratinocytes and immune cells mediate itch in atopic and contact dermatitis (Oetjen et al.,
2017; Wilson et al., 20134, b; Liu et al., 2013). Nociceptors mediate dermal dendritic cell
activation in host defense against C. albicans (Kashem et al., 2015), and in a mouse model of
psoriasis (Gilbert and Ward, 2014; Riol-Blanco et al., 2014). Lung-innervating sensory
neurons modulate innate lymphoid cells and T cells to drive allergic airway inflammation
(Caceres et al., 2009; Talbot et al., 2015). In the gut, enteroendocrine cells sense bacterial
metabolites and signal to sensory neurons (Bellono et al., 2017). Gut-intrinsic enteric
neurons and extrinsic sympathetic neurons also crosstalk with muscularis macrophages to
regulate gut motility and macrophage tissue-specific programming (Muller et al, 2014;
Gabanyi et al., 2016).

Here, we find that nociceptors suppress neutrophil recruitment and function to drive the
progression of S. pyogenes invasive infection. Neutrophils are the most abundant leukocytes
in the blood where they remain in a mature state, poised to migrate towards tissues to control
pathogen spread. S. pyogenes virulence relies on its capacity to inhibit or resist neutrophils
(Okumura and Nizet, 2014). The extent of neutrophil infiltration during human necrotizing
fasciitis is variable. A study of biopsies from patients with S. pyogenes soft tissue infections
showed positive correlation between bacterial load and neutrophil density (Thulin et al.,
2006), but surgical exploration in necrotizing fasciitis sometimes revealed thin grayish
“dishwater” fluid with few neutrophils despite the presence of large numbers of bacteria
(Stevens and Bryant, 2017). S. pyogenes produces the proteases ScpC (or SpyCEP) and
ScpA to cleave chemotactic factors that mediate neutrophil recruitment, such as CXCL8/
IL-8 and C5a. S. pyogenes strains lacking expression of these proteases have profoundly
attenuated virulence due increased neutrophilic influx (Ji et al., 1996; Kurupati et al., 2010).
SLO also silences neutrophil function by damaging phagolysosomal membranes and
inducing cell death (Sierig et al., 2003). Our observation that SLS drives pain and
neuromodulation of neutrophil killing implies a functional synergism between these toxins
in defeating neutrophil function.
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Neural suppression of immunity during bacterial invasion may seem counterproductive for
host defense. As pain accompanies inflammation, it is possible that neuromodulation of
immunity evolved as a feedback mechanism to limit injury from excessive inflammation. In
the case of S. pyogenes infection, SLS hijacks this neuroimmune communication by
stimulating neuropeptide release and consequently blocking host defense.

A potential strategy to treat S. pyogenes invasion and necrotizing fasciitis

Necrotizing fasciitis is a life-threatening condition in which treatment with surgical
debridement, antibiotic therapy, and intensive supportive care have only limited efficacy, and
mortality remains unacceptably high. Our work identifies three approaches as potential
therapies: 1) Neutralizing SLS with a specific antibody, 2) BoNT/A to inhibit CGRP release,
and 3) BIBN4096 to inhibit CGRP receptor signaling. BONT/A is currently used in cosmetic
dermatology and treatment of migraine (Grando and Zachary, 2017). Neutralizing anti-
CGRP antibodies and CGRP receptor antagonists are also being developed for migraine
(Petersen et al., 2005; Tso and Goadshy, 2017).

BoNT/A has been shown previously to act on nociceptors to block pain transmission
(reviewed in Matak and Lackovié¢, 2014). We now find that BoNT/A can also block neuronal
suppression of the local immune response, unrelated to pain perception. It is important to
note that BoNT/A could also act on other cell-types including skin-innervating cholinergic
and sympathetic neurons (Grando and Zachary, 2017), that may in turn modulate immune
function (Chavan et al., 2017). BONT/A may also target epithelial cells and skin immune
cells (Grando and Zachary, 2017).

CGRP could similarly mediate functions in S. pyogenes infection beyond suppression of
neutrophil function. In the skin, the CGRP receptor complex (Ramp1/Calcrl) is expressed by
vascular endothelial cells, smooth muscle cells, keratinocytes, fibroblasts, and some immune
cells (Granstein et al., 2015; Pinho-Ribeiro et al., 2017). CGRP acts on vascular cells to
induce vasodilation, mediates keratinocyte proliferation to accelerate wound healing, and
modulates Langerhans cells and dermal dendritic cells to polarize Th2 responses. It remains
to be determined whether these other cell-types contribute to neural suppression of host
defense.

We found that BoNT/A injections after the development of dermonecrosis blunted the
progression of S. pyogenes invasion in mice. There are important differences in S. pyogenes
pathogenesis between mouse and human (Olsen and Musser, 2010), as humans are the only
natural hosts of S. pyogenes. Despite this limitation, mouse models of soft tissue infection
have been utilized to demonstrate the role of major virulence determinants such as surface M
protein and the hyaluronic acid capsular polysaccharide (Ashbaugh et al, 1998; Schrager et
al., 1996). Of particular relevance to our work, soft tissue infection models in mice support a
role in virulence for SLS (Betschel et al., 1998; Datta et al., 2005). SLS also mediates
infection of human oropharyngeal keratinocytes and macrophages (Bastiat-Sempe et al.,
2014; O’Seaghdha and Wessels, 2013). Future studies beyond murine models are needed to
investigate the translational potential of our findings in enhancing host immunity against
bacterial invasion.
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In conclusion, neurons and their signaling to the immune system have a major impact on the
outcome of bacterial soft tissue infection. BONT/A and CGRP antagonists may be
repurposed for treatment of infections due to S. pyogenes and perhaps other bacterial
pathogens. Targeting the peripheral nervous system could provide therapeutic approaches in
invasive infections including necrotizing fasciitis.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

All unique reagents and resources will be made readily available upon request to the Lead
Contact, Dr. Isaac Chiu (isaac_chiu@hms.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAIL

Human blood donors—Blood samples were collected by a trained phlebotomist from
three healthy adult volunteers of either sex at Boston Children’s Hospital with approval from
the hospital’s Institutional Review Board (protocol X04-01-008). Written informed consent
was obtained from all volunteers. No further demographic data was collected from the
volunteers. Blood collected was from a single donor per experiment and was not pooled.

Animals—All animal experiments were approved by the Institutional Animal Care and Use
Committee (IACUC) at Harvard Medical School and were conducted in accordance with
National Institutes of Health (NIH) animal research guidelines. C57BL6/J, B6(Cg)-
Rag2m1.1Cany BEN.129S2- Casp1i™IFIV|) B6.129P2(SIL)- MyadsgimL-10efy B6.129-
Trovitmi(cre)Bbmyy B6 129P2- Gt(ROSA)26Sor™LCTALKY]) and B6.129X1- Trpv1imiJully
mice were purchased from Jackson Laboratories (Bar Harbor, ME). Mice were bred and
housed in individually ventilated micro isolator cages within a full barrier, specific
pathogen-free animal facility at Harvard Medical School under a 12 h light/dark cycle with
ad libitum access to food and water. B6.129- Trpv1im1(cre)Bbmy heterozygous (+/-) mice
were bred with B6.129P2- Gt(ROSA)26Sor™L(CTA)LKY|3 homozygous (+/+) mice to generate
nociceptor-ablated 7rpviI-Cre/Dta ( Trpvi-Cre*’~/Dta*’") mice and control littermates
(Trpvi-Cre™=/Dta*’"). Both male and female age-matched mice from 6 to 14 weeks of age
were used for all experiments in this study. Male and female mice were similarly susceptible
to Streptococcus pyogenes infection. Individual animal health status was routinely
monitored by Harvard Center for Comparative Medicine veterinary staff. Additionally, one
cage containing two sentinel animals was maintained on each rack. These sentinel cages
were supplied with pooled samples of soiled bedding from regular colony animals at every
cage change. All cage changes were performed in Class 1 biosafety change stations. Animal
sentinels were tested quarterly for pinworms, fur mites, Sendai virus, Pneumonia virus of
mice, Mouse hepatitis virus, GD-7 virus, Minute virus of mice, Mycoplasma pulmonis,
Mouse parvovirus, Epizootic diarrhea of infant mice, Reo-3 virus, and annually for
ectromelia virus and lymphocytic choriomeningitis virus. Only healthy animals were used
for experiments. Euthanasia was performed by CO, inhalation.

Bacterial strains and culture—All procedures related to bacterial strains and infectious
disease work were approved by the Committee on Microbiological Safety (COMS) at
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Harvard medical school and were conducted under Biosafety Level 2 protocols and
guidelines. All Streptococcus pyogenes strains used in this study are listed in the Key
Resources Table. S. pyogenes 854 M-type 1 was originally isolated from a patient with
retroperitoneal abscess (Gryllos et al, 2008). S. pyogenes 950771 M3 serotype strain is a
clinical isolate obtained from a patient with necrotizing fasciitis and sepsis (Ashbaugh et al,
1998). These founder bacterial strains were mutated to generate isogenic mutant strains (see
Methods Details). Bacteria were grown on Tryptic Soy Agar (TSA) plates supplemented
with 5% Sheep Blood (BD Biosciences, Cat# 221239), or grown in liquid culture in Todd-
Hewitt Broth (Sigma, Cat# T1438) supplemented with 0.2% yeast extract (Sigma, Cat#
Y1625) (THY broth) at 37°C with 5% CO,. When required, THY broth was supplemented
with spectinomycin (50 pg/mL, Sigma, Cat# S4014). For storage, bacterial glycerol frozen
stocks (20% glycerol, Sigma, Cat# G5516) of S. pyogenes strains were prepared and kept at
-80°C until use.

Primary cells culture—Murine DRG neurons were obtained from healthy naive animals
as described in Dorsal root ganglia neuron dissection and culture. Mouse neutrophils were
isolated from mouse bone marrow as described in Neutrophil isolation and killing assays.

DRG neurons were maintained under sterile conditions in a humidified incubator at 37°C
and 5% CO». For calcium imaging experiments, DRG neurons were incubated for 12-24h in
35 mm laminin (20 pg/mL, Thermo Fisher, Cat# 23017015)-coated sterile cell culture dishes
(VWR International, Cat# 10062-888) containing 2 mL of neurobasal-A medium (Thermo
Fisher, Cat# 21103049), B-27 supplement (Thermo Fisher, Cat# 1704044), penicillin/
streptomycin (100 units/mL and 100 pg/mL, Thermo Fisher, Cat# 15140122), L-glutamine
(2 mM, Thermo Fisher, Cat# 25030081) and mouse NGF (50 ng/mL, Thermo Fisher, Cat#
50385MNAC50).

For the experiments involving /n vitro CGRP release assays by neurons, or co-incubation of
DRG neurons with neutrophils, DRG neurons were first incubated for one week in laminin
(20 pg/mL, Thermo Fisher, Cat# 23017015)-coated sterile flat bottom 96-wells plates
(Thermo Fisher, Cat# 08-772-53) containing 200 pL of neurobasal-A medium (Thermo
Fisher, Cat# 21103049), B-27 supplement (Thermo Fisher, Cat# 1704044), penicillin/
streptomycin (100 units/mL and 100 pg/mL, Thermo Fisher, Cat# 15140122), L-glutamine
(2 mM, Thermo Fisher, Cat# 25030081), mouse NGF (50 ng/mL, Thermo Fisher, Cat#
50385MNACH50), and cytosine arabinoside (10 uM, Sigma, Cat# C6645). Half of the
medium was replaced with fresh media every two days. At day 7, neurons were stimulated
for CGRP assays or co-cultured with neutrophils for experiments as described in Neuronal
stimulation and CGRP release and in Neutrophil isolation and killing assays sections.

Skin biopsies—Skin punch biopsies were collected as described in the section “CGRP
release assay from skin explants” from the flank area injected with vehicle or bacteria.
Samples were collected under sterile conditions, rapidly transferred to sterile 24-well cell
culture plates (Genesee Scientific, Cat# 25-107) containing 1 mL of DMEM (Thermo
Fisher, Cat# 11995073) at 32°C and immediately used for experiments.
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METHOD DETAILS

Generation of isogenic mutant S. pyogenes strains—The s/o-negative derivatives
of the S. pyogenes 854 and 950771 were generated by allelic exchange as described
previously (Love et al., 2012; Bricker et al., 2002). Genomic DNA for use as a PCR template
was prepared from an overnight culture of S. pyogenes as follows: Cells from a 10 mL
overnight culture were harvested by centrifugation at 10,000 rpm and resuspended in 1 mL
of STE buffer (100 mM NaCl, 10 mM EDTA, 10 mM Tris, pH 8.0) containing mutanolysin
(50 ug, Sigma). This suspension was incubated at 37°C with agitation for 2 h at which point
DNase-free RNase (10 pg; Sigma) and A-Lauroylsarcosine (0.5% (v/v), Sigma) were added.
After a further 10 min incubation at 37°C, pronase was added (10 mg, Sigma) and the
mixture was incubated at 37°C for a further 10 min. S. pyogenes genomic DNA was
precipitated by mixing with an equal volume of phenol:chloroform (1:1), followed by
centrifugation at 12,000 rpm. The pellet was washed with ice-cold ethanol and then washed
and dissolved in TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA). For PCR, 1 uL of genomic
DNA template in a 50 pL PCR reaction mixture was used. PCR products corresponding to
the 5' and 3' ends of s/owere produced using the primer pairs 5'-
CCCTCTAGAGGTAACCTTGTTACTGCTAATGC-3' and 5'-
CCCGGATCCCAGTGACAGAGTCAATGATGG-3' (441 bp product) and 5’-
CCCGAATTCGCGGGTGTCAATAACAGAACTG-3'and 5'-
CCCGGTACCCCATATGGGCTCAGGGTTGATC-3' (367 bp product), respectively. All
PCR reactions were performed using Phusion High-Fidelity PCR Master Mix (New England
Biolabs). The products were directionally cloned into the temperature-sensitive shuttle
vector pJRS233 (provided by June Scott) (Perez-Casal et al., 1993) using unique Xbal,
BamHI, EcoRl1 and Asp718 restriction endonuclease sites (underlined) incorporated into the
PCR primers. The final construct representing the s/o sequence with an 818 bp internal
deletion was cloned into pJRS233 at the Xbal and Asp718 sites. The resultant plasmid,
pJs/oA was verified by DNA sequencing (Genewiz) using the primers pJRSseqF (5'-
GGGATGTGCTGCAAGGCG-3') and pJRSseqR (5-ACGACAGGTTTCCCGACTG-3"),
which recognize regions outside the 5' and 3' termini of the pJRS233 multiple cloning site.

The pJs/ol plasmid was introduced into competent £. col/i DH5a cells (New England
Biolabs) by transformation according to the manufacturer’s instructions. This plasmid was
purified using the Plasmid midi- or maxi-prep kits (Qiagen) and transformed into
electrocompetent S. pyogenes cells. Plasmid integration followed by allelic exchange was
allowed to occur at the permissive temperature (Perez-Casal et al., 1993). Mutants were
verified by PCR of the s/o gene using the first and forth primers listed above and Phusion®
High-Fidelity PCR Master Mix (New England Biolabs).

SLS was inactivated in S. pyogenes 854 and 950771 by deletion of sagA (Sierig et al.,
2003). DNA fragments corresponding to regions at the 5' (359 bp) and 3' (392 bp) termini of
sagA were generated using the primer pairs 5'-
CGCGGATCCCACATAGTTATTGATAGAAT-3" and 5’-
TCCAGGAGCAACTTGAGTTG-3' (5) and 5'-
CAACTCAAGTTGCTCCTGGACAAGGTGGTAGCGGAAGTTA-3' and 5'-
GCGAAGCTTGTAATCCGATAAGGACAAGT-3' (3. These fragments have overlapping
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ends at the 3' and 5' ends, respectively to permit a subsequent overlap PCR, using the first
and fourth primers listed above. The resultant PCR product harbored an internal 60-bp
deletion in sagA. This product was directionally cloned into pJRS233 using the unique
BamHI and Himd1ll restriction endonuclease sites included in the PCR primers (underlined),
to generate pJsagAA in E. colistrain DH5a. Plasmid pJsagAA was purified and used to
generate 950771AsagA and 854AsagA as described above for As/o. Mutants were identified
by their lack of beta hemolysis on blood agar and verified by PCR analysis of the sagA
locus. To generate As/oAsagA mutants, pJsagAA was introduced to 950771As/o or 854As/o
by allelic replacement as described above.

For complementation studies, the sagA gene including a 780 bp promoter region upstream
(Nizet et al., 2000) was cloned using the primer pair 5'-
CCGGAATTCGGCCCAAGAACGGAGTGTAT-3 and 5'-
GGAGCATGCTTATTTACCTGGCGTATAACTTCCG-3'. This product was directionally
cloned using EcoRl and SpAl (underlined in primer sequence) into pDL278, to generate
pSagA. Plasmid pSagA was purified and introduced into AsagA and As/oAsagA
backgrounds by electroporation and maintained by selection using spectinomycin (Sigma).
Positive transformants were verified by PCR and their restoration of beta hemolysis on
blood agar medium.

Streptolysin O activity—SLO activity was measured by determination of hemolytic titers
of bacterial supernatants of S. pyogenes taken at early stationary phase. Supernatants were
filtered through a 0.45 mm membrane, Dithiothreitol added at 6 mM and incubated at 37°C
for 30 min. Sheep erythrocytes was prepared by diluting fresh defibrinated sheep blood
(Northeast Lab Services) in PBS and the suspension was added to each bacterial culture
sample. After 30 min incubation at 37°C, cell mixtures were centrifuged, and absorbance
measured at 550 nm. Hemolytic units correspond to the reciprocal of the dilution of
supernatant that yielded 50% lysis, where 100% lysis corresponds to that caused by 1%
Triton X-100. Hemolytic activities were also determined after pre-treatment of samples with
the SLO inhibitor, cholesterol (cholesterol-methyl-p-cyclodextrin, Sigma) at a concentration
of 250 ug/mL (estimated cholesterol concentration, 10 ug/mL).

General experimental design—All /n vivo experiments were performed in both male
and female age-matched littermates. Pain behavioral tests were performed by blinded
observers that were unaware of treatment groups and genotypes. Treatment groups of mice
were randomized and evenly distributed across both male and female littermates in cages.
Treatments were performed by blinded investigators unaware of the contents of syringes or
other administration devices. In experiments involving transgenic mice, littermates with
different genotypes were cohoused for the duration of experiments. Quantification and
analysis of microscopy images were performed by a blinded investigator unaware of groups
and genotypes.

Animal numbers for pain behavioral analysis and infection outcome measurements were
estimated based on pilot studies of S. pyogenes infections in our lab and based on standard
numbers used in the field based on publications on pain and bacterial infection work. For
pain behavioral tests, we used at least 4 mice per group. For lesion size and pain behavioral
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experiments, mice that did not survive the entire time-course of analysis were excluded from
analysis. For bacterial infections and analysis (demornecrotic lesion size, abscess size, and
weight loss following infection), we used at least 5 mice per group. For histology, bacterial
load recovery analysis, flow cytometry, ex vivo, and in vitro experiments, we used at least 3
biological replicates per group. All statistical analysis was performed using Graphpad Prism
(v. 7.02). For specific numbers of replicates used for each experiment, please see the section
Quantification and Stastitical Analysis.

Bacterial infections—S. pyogenes strains were grown overnight on TSA plates
supplemented with 5% Sheep Blood (BD Biosciences, Cat# 221239) at 37°C with 5% CO».
The next morning, bacterial colonies were picked and inoculated into THY broth (Todd-
Hewitt Broth, Sigma, Cat# T1438, with 0.2% yeast extract, Sigma, Cat# Y 1625), incubated
for 3 h at 37°C without shaking until growth reached mid-exponential phase, and
resuspended in fresh medium to Aggonm Of 0.6. Bacterial cells were collected by
centrifugation at 800g for 15 min, washed once in PBS, and then resuspended in PBS at
different estimated concentrations for injection. Before injection of bacteria, mice were
lightly anesthetized by inhalation of isoflurane (Patterson Veterinary) 3% in oxygen using a
precision vaporizer. For hind paw infections, a single dose of 5x10° — 5x108 cfu of S.
pyogenesin 20 UL PBS was administered by intraplantar injection of the right hind paw
using a 0.5 cc syringe fitted with a 31-gauge needle (BD Biosciences). For flank infections,
5x106 cfu of S. pyogenesin 50 uL PBS was injected subcutaneously into the flank
previously shaved using a hair clipper (Patterson Veterinary). In some cases, hair removal
cream (Nair) was also applied for hair removal prior to infection. The bacterial suspension
was kept on ice until use, and the inoculum was confirmed by quantitative culture of an
aliquot of the final suspension prior to injection. Injections of bacteria or vehicle were
performed by an investigator blinded to the content of syringes. Syringes were previously
assigned to specific animals by an investigator aware of the groups in order to distribute
groups across multiple cages.

Bacterial load recovery analysis—Mice were euthanized by CO» inhalation and
rapidly used for tissue dissection. During necropsy of mice, total hind paw tissues including
epidermis, dermis, and subcutaneous tissue to the tendons, or flank tissue encompassing the
injection site including epidermis, dermis, and subcutaneous tissue, or spleens were
dissected and weighed. Tissues were then transferred to 2 mL eppendorf tubes containing 5
mm stainless steel beads (Qiagen, Cat# 69989) and 1 mL of ice-cold sterile distilled water.
Tissues were homogenized using a TissueLyser 11 (Qiagen) for 10 min at 30 Hz. To
determine bacterial load recovery, serial dilutions were made and plated on TSA plates with
5% Sheep Blood plates (BD Biosciences, Cat# 221239), and colonies were counted after
overnight incubation at 37°C with 5% CO,.

Pain behavioral tests—Spontaneous pain behaviors were evaluated by quantifying the
time that mice spent 1) lifting/licking the hind paw and 2) the number of paw flinches that
occurred over a 1 h time period immediately after infection. Data was collected in 5-minute
intervals. For mechanical and heat hyperalgesia tests, mice were allowed to habituate to the
apparatus during 2 h and for three consecutive days before the beginning of measurements.
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After habituation, baseline measurements were obtained on two consecutive days prior to
infection. Pain intensity to mechanical stimulus (mechanical hyperalgesia) was measured
using von Frey monofilaments. Briefly, mice were placed on an elevated wire framework
and a series of von Frey monofilaments with different pressure intensities (from 0.007g to
4q) were applied to the plantar surface of the infected hind paw. The threshold of pain was
determined as the lowest pressure filament that induced a response (paw withdrawal) in five
out of ten applications. To measure pain sensitivity to a heat stimulus (heat hyperalgesia),
mice were placed on the temperature-controlled (29°C) glass plate of a Hargreaves apparatus
(Model 390G, IITC Life Science). A radiant heat source (active intensity 23%) was used to
stimulate the infected paw by gradually increasing the temperature of the plantar surface.
The threshold of pain was determined as the latency (in seconds) to evoke a response of paw
withdrawal. The mean of three measurements was determined for each animal at each time
point. An exposure limit of 40 s was used to prevent tissue damage. Data from mice that did
not survive until the end of the tests were not included in the analysis. Pain behavior tests
were performed by blinded observers that were unaware of the treatments, groups, and
genotypes.

Lesion size measurement—One day prior to subcutaneous injection with S. pyogenes,
mice were lightly anesthetized by inhalation of isoflurane (Patterson Veterinary) 3% in
oxygen using a precision vaporizer, and the flank area was shaved using a hair clipper.
Abscess sizes and dermonecrotic skin lesions were measured daily with a digital caliper
(VWR International, Cat# 62379-531) for 14 days after injection, and area calculated with
the formula A=(m/2)(length)(width). Mice were also anesthetized with isoflurane 3% in
oxygen during the measurements. Data from mice that did not survive until the end of the
tests were not included in the analysis.

In vivo BoNT/A and BIBN4096 treatments—Botulinum neurotoxin A (BoNT/A, List
Biological Labs, Cat# 130B) intrathecal or local subcutaneous pre-treatments were used that
were able to distinguish the contribution of pain perception from peripheral neuropeptide
release. Mice were subsequently infected with M1 S. pyogenes in the footpad for pain
behavioral assays or in the flank for dermonecrotic lesion measurements. For intrathecal pre-
treatments, BONT/A (25 pg in 5 uL PBS) or vehicle (5 uL PBS) was injected at the level of
L4-L6 segments of spinal cord 24 h before infection with S. pyogenes. For local pre-
treatments, different groups of mice received a subcutaneous BoNT/A injection (25 pg in 5
uL PBS) or vehicle (5 uL PBS) in the footpad, or they received BoNT/A (25 pg in 100 uL
PBS) or vehicle (100 uL PBS) in the for flank skin at the anticipated site of infection 6 days
before infection. We also evaluated whether BONT/A or CGRP antagonist (BIBN4096,
Tocris, Cat# 4561) was able to treat S. pyogenes infection. For these experiments, mice were
infected in the flank skin with S. pyogenes M1. 2 h after infection, we performed
subcutaneous injection of BONT/A (25 pg in 50 pL PBS) at the site of infection or
intraperitoneal injection of CGRP receptor antagonist BIBN4096 (30 mg/kg). In another set
of experiments to determine therapeutic potential, BONT/A or vehicle was administered
locally in mice infected with S. pyogenes at day 2 after flank skin infection, and again at day
9 after infection. For this experiment, BONT/A (25 pg in 100 puL PBS) or vehicle (100 pL
PBS) was distributed in 5 applications of 20 uL each around the borders of the lesion at day
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2 and at day 9. The injection sites were marked using a blue marker at each day of injection.
BoNT/A was administered using a Hamilton syringe (Hamilton Company, Cat# 7636-01)
fitted with a 32 gauge needle (Hamilton Company, Cat# 7803-04). S. pyogenes M1 wt was
used at the following doses for the experiments described above: 5x10° cfu for flank
infections and lesion size measurements, 5x107 cfu for foot pad infections and hyperalgesia
studies, and 5x108 cfu for foot pad infections and spontaneous lifting/licking/flinching tests.

Histology—Mice were euthanized by CO, inhalation and intracardially perfused with 30
mL of ice-cold PBS, followed by 30 mL of PBS/4% paraformaldehyde (PFA, Sigma, Cat#
P6148). Infected hind paw and flank lesion samples were dissected, post-fixed for 12 h at
4°C in PBS/4% paraformaldehyde solution, embedded in paraffin, sectioned, and stained
using hematoxylin and eosin (H&E) or Brown and Brenn Gram stains by the Harvard
Medical School Rodent Histopathology Core. Stained sections were imaged by light
microscopy on an Eclipse Ti-S/L100 inverted microscope (Nikon), and images collected by
NIS-Elements AR software.

Immunostaining and microscopy—For immunofluorescence staining, hind paw skin
tissues and dorsal root ganglion (DRG) tissues were dissected from mice previously
euthanized by CO, inhalation and intracardially perfused with 30 mL of PBS, followed by
30 mL of PBS/4% PFA (Sigma, Cat# P6148). Samples were post-fixed in PBS/4% PFA
solution at 4°C for 12 h, cryoprotected in PBS/30% sucrose (Sigma, Cat# S0389) for 3 days
at 4°C, embedded in Optimal Cutting Temperature (OCT, Sakura Finetek, Cat# 4583), and
stored at —80°C until processing. Cryosections (20 um for DRG, 40 um for skin) were cut
onto Superfrost Plus slides (Thermo Fisher) before immunostaining. Hind paw skin or DRG
sections were stained with mouse or rabbit anti-beta I11 tubulin (Tuj1, Abcam, 1:500), rabbit
anti-CGRP (Sigma, 1:10,000), mouse anti-NF200 (MilliporeSigma, 1:1000), mouse anti-
PGP9.5 (Abcam, 1:500), or guinea pig anti-TRPV1 (MilliporeSigma, 1:1000), followed by
Alexa 594 donkey anti-mouse 1gG (Abcam, 1:500), DyLight 488 donkey anti-rabbit 1gG
(Abcam, 1:500) or goat anti-guinea pig IgG (Sigma, 1:500). Stained sections were mounted
in Vectashield mounting medium (Vector Labs, Cat# H1000), with addition of DAPI
(BioLegend, Cat# 422801) for skin samples. Fluorescence imaging was performed using a
FV1000 laser-scanning confocal microscope (Olympus). Data were collected using Olympus
Fluoview software. Samples were imaged with z-stacks of 1 um steps and 20 pm (for DRG)
or 40 pm (for skin) total thickness; maximum projection images were exported for analysis.

Quantification of DRG neurons—DRG samples were collected, sectioned, stained, and
imaged as described in the section /mmunostaining and microscopy. Maximum projection
images (3 fields per sample) obtained for each channel were exported for analysis. The
number of TRPV1, CGRP, or NF200 positive neurons, and the total number of neurons
(BH1-tubulin positive) field were quantified by an investigator blinded for the groups.
Percentage of TRPV1, CGRP, or NF200 positive neurons out of the total neurons (Bll1-
tubulin positive) was determined for each sample as the average of 3 fields.

RTX mediated ablation of nociceptor neurons—Resiniferatoxin (RTX, Sigma-
Aldrich), a potent capsaicin analog, was used to deplete TRPV1-positive nociceptors. Male
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and female 4-week-old C57BL/6 mice were lightly anesthetized by inhalation of isoflurane
(Patterson Veterinary) 3% in oxygen using a precision vaporizer. Three RTX escalating
doses (30 pg/kg, 70 pg/kg, 100 pg/kg, diluted in PBS with 1.2% DMSO and 0.06%
Tween-80) were subcutaneously injected over the flank of anesthetized mice on three
consecutive days, as adapted from established protocols (Riol-Blanco et al., 2014). Control
littermates were injected with vehicle solution on the same days (PBS with 1.2% DMSO and
0.06% Tween-80). Mice were used for infection experiments four weeks after the last
injection of RTX. Vehicle and RTX treated mice were housed together before and during the
experiments. Efficiency of RTX treatment in depleting TRPV1-positive nociceptors was
confirmed by counting the number of TRPV1-positive neurons in the DRG by microscopy.
DRG samples were collected, sectioned, and stained as described in the section
Immunostaining and microscopy, and quantified as described in the section Quantification
of DRG neurons.

Dorsal root ganglia neuron dissection and culture—Adult, 7 — 13 wk old male and
female mice were euthanized by CO, inhalation. Dorsal root ganglia (DRG) were dissected
from all segments of the spinal cord and transferred to neurobasal medium (Thermo Fisher)
supplemented with B-27 (Thermo Fisher) and penicillin/streptomycin (Thermo Fisher).
DRGs were enzymatically dissociated by incubating in 2 mL of HEPES-buffered saline
(Sigma) containing collagenase A (1 mg/kg, Sigma) and dispase Il (2.4 U/mL, Roche
Applied Sciences) for 20 min at 37°C. Supernatant was carefully removed, replaced with 2
mL of fresh collagenase A/dispase Il solution and incubated for 20 min at 37°C again. Cells
were transferred to a tube containing 10 mL of DMEM/10% FBS (Thermo Fisher),
centrifuged for 1 min at 200g at 4°C, and resuspended in 800 pL of DMEM/10% FBS
containing DNase | (150U/mL, Thermo Fisher). DRG cells were dissociated with fire-
polished glass Pasteur pipettes (VWR International) with decreasing tip diameters to create
single-cell suspensions. Cells were resuspended in 2 mL of neurobasal medium (Life
Technologies), and then centrifuged (260g, 10 min) after overlaying on a 10% bovine serum
albumin (BSA) gradient (diluted in Neurobasal medium from a 30% BSA solution in PBS,
Sigma). Supernatant was removed and resulting pellet resuspended in neurobasal medium
for plating. For calcium imaging, cells were plated onto 35 mm laminin-coated (Thermo
Fisher) cell culture dishes (2,000 cells per dish) in neurobasal-A medium plus 50 ng/mL
nerve growth factor (Thermo Fisher); DRG neurons were used for calcium imaging 12 — 24
h after plating. For co-incubation with neutrophils and CGRP release experiments, 5,000
DRG neurons were seeded per well in laminin-coated flat bottom 96-wells plates and
incubated with neurobasal-A medium plus 50 ng/mL nerve growth factor (Thermo Fisher)
and cytosine arabinoside (10 uM, Sigma) for one week; half of the medium was replaced
with fresh media every two days.

Calcium imaging and data analysis—Cultured DRG neurons were washed and loaded
with 5 uM Fura-2 AM (Thermo Fisher) in Neurobasal-A medium for 30 min at 37°C, then
washed twice and imaged in Krebs-Ringer solution (Boston BioProducts). DRG neurons
were imaged using an Eclipse Ti-S/L100 inverted microscope (Nikon) and Zyla sSCMOS
camera (Andor). An ultraviolet light source (Lambda XL lamp, Sutter Instrument) was used
for excitation of Fura-2-AM by alternating 340 nm and 380 nm wavelengths. NIS-elements
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software (Nikon) was used to image, process and analyze 340/380 ratiometric images from
neurons. An increase in 340/380 ratio of 10% or more from baseline levels was considered a
positive response to a ligand. For calcium imaging experiments, cell size for individual DRG
neurons (measured as area in pm?) was determined using N1S-elements software by marking
individual cells using the Region of Interest tool in combination with the Automated
Measurement tool (Nikon). The percentage of bacteria-responsive cells or bacteria-
unresponsive cells from 3 separate neuronal fields/condition was determined and binned into
four groups for analysis based on their cell body area (<149, 150-249, 250-349, and >350

um?).

S. pyogenes supernatant for neuronal stimulation—S. pyogenes strains were grown
overnight on TSA plates with 5% sheep blood (BD Biosciences) at 37°C in 5% CO,.
Bacterial colonies were picked and inoculated into liquid cultures of THY broth, grown for 3
h at 37°C without shaking until mid-exponential phase, and bacterial density estimated by
Agoonm- Bacterial cells were collected by centrifugation, washed, and then resuspended
(5x108-5x1010 cfu per mL) in phenol red-free neurobasal-A medium plus 6% BSA (Sigma)
and incubated at 37°C for 1 h, centrifuged for 15 min at 800g, and the supernatant filtered
with a 20 um cell strainer. For calcium imaging, DRG neurons were stimulated with 200 pL
of the filtrate, representing bacterial supernatant. For CGRP release assay, 50 uL of bacterial
supernatant was used.

Neuronal stimulation and CGRP release—DRG neurons (5,000 per well) were
cultured for one week in Neurobasal-A medium containing 50 ng/mL nerve growth factor
and cytosine arabinoside as described in the sections Dorsal root ganglia neuron dissection
and culture. One group of neurons was treated with 25 pg (in 200 uL of Neurobasal-A
medium) of Botulinum neurotoxin A (BoNT/A) for 24 h prior to neuronal stimulation. The
neuronal culture medium was removed from all wells, and 200 uL of fresh neurobasal-A
medium was added to the wells. Filtered supernatants from S. pyogenes M1 854 strain or
isogenic mutant strains were collected at the day of the test as described in the section S.
pyogenes supernatant for neuronal stimulation. Immediately before stimulation, 50 pL of
cell culture supernatant was removed and 50 pL of bacterial supernatant or control medium
(neurobasal-A medium + 6% BSA) was added to the wells. Cells were incubated for 30 min
at 37°C and with 5% of CO, and then 50 uL of supernatant were collected to determine
CGRP concentration. A CGRP Enzyme Linked Immunosorbent kit (Cayman Chemical) was
used to quantify CGRP according to manufacturer’s instructions.

Neutrophil isolation and killing assays—~Following euthanasia, femurs and tibias
were dissected from mice. Bone marrow cells were flushed out using PBS/1 mM EDTA
(Sigma) in a syringe and a 21 gauge needle. Cells were then strained through a 100 pm cell
strainer, centrifuged for 5 min at 300g, resuspended in 3 mL of red blood cell lysis buffer
(eBioscience) and incubated for 15 min at room temperature. PBS (22 mL) was added and
the cells were centrifuged for 5 min at 300g. Supernatant was removed, and the cells were
resuspended in neurobasal-A medium (Thermo Fisher) with 10% fetal bovine serum (FBS)
at a maximum concentration of 1x108 cells/mL. Neutrophils were isolated using an immune
magnetic negative selection kit according to manufacturer’s instructions (EasySep mouse
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neutrophil enrichment kit and EasySep Magnet, StemCell). Half of the final neutrophil
suspension solution was saved to collect the supernatant. This supernatant was added to the
conditions where neutrophils were absent (control conditions) instead of fresh media to
control for effects of used cell media on bacterial growth.

For opsonophagocytic killing assays, mouse neutrophils were used immediately after
isolation. S. pyogenes (5%103 cfu) M1 wt strain was mixed with mouse neutrophils (5x10°
cells per well) in 200 pL of neurobasal-A medium containing 10% of fresh mouse serum. As
described before, neutrophil filtered supernatant was added to the control conditions
(without neutrophils). CGRP (1 uM, GenScript) or the antagonists CGRPg_37 (1 UM,
GenScript) or BIBN4096 (1 uM, Tocris) were added to the cultures immediately before S.
pyogenes. For neuron-neutrophil co-incubation experiments, neutrophils and bacteria were
added to the plates containing 5103 DRG neurons and incubated under the same
conditions. One group of DRG neurons was treated with 25 pg (200 pL) of BONT/A 24 h
before the assay. Some wells of neuron-neutrophil co-cultures were treated with the
antagonists CGRPg_37 (1 uM, GenScript) or BIBN4096 (1 uM, Tocris) at the time of
neutrophil addition.

For all conditions described for neutrophil opsonophagocytic killing assays, plates were
incubated for 1h at 37°C with gently shaking (150 rpm). The amount of extracellular and
intracellular bacteria was determined after resuspension in ice-cold ddH,O by serial dilution
plating on TSA plates with sheep blood agar (BD Biosciences), and bacterial colonies were
counted after overnight incubation at 37°C in 5% CO,. The multiplication factor of net
bacterial growth was calculated as the number of cfu recovered/ number of cfu added to
wells.

Neutrophil myeloperoxidase activity (MPO) assay—Mouse neutrophils were
isolated from mouse bone marrow using EasySep mouse neutrophil enrichment kit and
EasySep Magnet according to manufacturer’s instructions (StemCell). These neutrophils
(5%10° cells per well) were then treated with CGRP (0.01-1 uM, GenScript) or vehicle
(PBS), immediately prior to mixture with S. pyogenes (5%x103 cfu) M1 wt strain or vehicle
(PBS) in 200 pL of neurobasal-A medium containing 10% of fresh mouse serum. Serum was
obtained after coagulation of whole mouse blood. Plates were incubated for 30 min at 37°C
with gently shaking (150 rpm), and supernatant collected for MPO activity measurements.
Supernatants (50 pL) were added to 200 pL of 50 mM phosphate buffer solution (pH 6.0)
containing 0.167 mg/mL of peroxidase substrate o-dianisidine dihydrochloride (Santa Cruz
Biotech) and 0.05% hydrogen peroxide (Santa Cruz Biotech) and incubated for 30 min at
room temperature. MPO activity was determined spectrophotometrically by measuring the
increase in absorbance at 450 nm.

Lancefield assay—Human blood phagocytosis assays (Lancefield bactericidal test) were
performed as described previously with slight modifications (Gryllos et al., 2008). S.
pyogenes M1 wt strain was cultured to ODggg of 0.15 in L3 medium at 37°C with 5% CO,
and diluted in sterile PBS. Quantitative cultures of the bacterial suspension were performed
to allow precise quantification of the starting inoculum. Whole human blood (10 mL/tube)
was collected into heparin-containing tubes (BD Vacutainer™, Fisher Scientific)
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Approximately 20-200 S. pyogenes cfu were inoculated into heparinized whole blood
obtained from three healthy donors supplemented with human CGRP (10 or 100 nM) and
incubated for 3 h at 37°C with end-over-end rotation. Bacterial survival was quantified as
multiplication factor of number of surviving colonies relative to the starting inoculum. Each
condition was tested in triplicate.

CGRP release assay from skin explants—Skin punch biopsies (12 mm) were
collected from the uninfected or infected flank skin samples of euthanized mice, and rapidly
transferred to 24-well plates containing 1 mL of DMEM. Explants were incubated at 32°C
with gentle shaking (150 rpm) for 30 min. After incubation, the bath supernatant from the
organ cultures was collected, and assayed to determine CGRP concentration with the CGRP
EIA kit (Cayman Chemical) according to manufacturer’s instructions.

Flow cytometry—Flank tissue samples of dermonecrotic lesions were dissected 24 h after
infection, minced and incubated for 2 h (37°C, shaking) in 2 mL of HEPES-buffered saline
(Sigma) containing collagenase A (1 mg/kg, Roche Applied Sciences) and dispase Il (2.4
U/mL, Roche Applied Sciences). After incubation, cells were gently dissociated using a 16G
needle attached to a 10 mL sterile syringe, filtered through a 70 pm mesh, and mixed with
20 mL of washing buffer constituted by HBSS (Thermo Fisher) and 0.5% BSA (Sigma).
Cells were centrifuged for 5 min at 300g, supernatant was discarded, and the pellet was
resuspended in 500 uL of washing buffer. The cell suspension was incubated on ice with
mouse FcR Blocking Reagent (Miltenyi Biotec) for 10 min, and then incubated for 30 min
on ice with the following antibodies: anti-CD45-APC/Cy7 (1:200, Biolegend), anti-Ly6G-
A488 (1:200, Biolegend), anti-Ly6C-PercP/Cy5.5 (1:200, Biolegend), anti-CD11b-BV605
(1:200, Biolegend), and Fixable Viability Dye eFluor-506 (1:1,200, Thermo Fisher). Cells
were centrifuged for 5 min at 300g and the pellet resuspended in 500 UL of washing
buffer/2% PFA. Flow cytometry was performed on a LSR Il flow cytometer (BD
Biosciences). Flow cytometry data were collected and exported using BD FACSDiva
software (BD Biosciences). FACS data were analyzed and plotted using FlowJo software
(FlowJo LLC).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed, and results plotted using Graphpad Prism version 7.02
software. Data were represented as meanszstandard error of the mean (SEM) throughout the
figures. The types of statistical analysis performed were based on standards in the fields of
pain analysis and bacterial infection. Statistical comparisons of two groups for a single
variable with normal distributions were analyzed by unpaired t-test. Statistical comparisons
of three or more groups at a single time point were analyzed by One-way ANOVA with
Tukey post-tests. Statistical comparisons of two or more groups with two independent
variables were analyzed with Two-way ANOVA with Bonferroni post-tests. Statistical
analysis of changes in two or more groups compared at multiple time points were analyzed
by Two-way Repeated Measures ANOVA with Bonferroni post-tests performed at each time
point. Below, we supply the exact details about the numbers of biological replicates, and
types of statistical analysis used for the experiments found in each figure of the manuscript:
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For Figure 1. (C) 4 mice per group were used for infection with M1 strain, and 9-11 mice
per group were used for infection with M3 strain. (D) 8-9 mice per group were used for
infection with M1 strain, and 7-10 mice per group were used for infection with M3 strain.
(E) 8-9 mice per group were used for infection with M1 strain, and 7-9 mice per group were
used for infection with M3 strain. (F) 3—4 plates containing 2,000 DRG neurons were used
for each condition. One field per plate was imaged with a 20x objective and used for
analysis. DRG neurons were obtained from a single mouse, and equally distributed across
the groups tested. Statistical analysis: (C) One-way ANOVA, Tukey post-tests. (D-E) Two-
way ANOVA, Bonferroni post-tests. (F) Two-way ANOVA, Bonferroni post-tests. (C, F)
*p<0.05 **p<0.01 ***p<0.001 ****p<0.0001. (D, E) veh vs 5x107 cfu: ***p<0.001
****0<0,0001, veh vs 5x108 cfu: tp<0.05 t1p<0.01 t11p<0.001 t111p<0.0001, veh vs
5x10° cfu: $8p<0.01 8888p<0.0001.

For Figure 2. (A) 3-4 plates containing DRG neurons (2,000 cells per plate) from the same
mouse were used for each condition. (C) 3 plates containing DRG neurons (2,000 cells per
plate) from the same mouse were used for each condition. (D) 3 plates containing DRG
neurons (2,000 cells per plate) from the same mouse were used for each condition. One field
per plate was imaged with a 20x objective and used for analysis. (E) 5 wells containing
DRG neurons (5,000 cells per well) were used for each condition. DRG neurons were
obtained from 4 mice, pooled and equally distributed across the groups. Statistical analysis:
(A) Two-way ANOVA, Bonferroni post-tests. (D, E) One-way ANOVA, Tukey post-tests.
*p<0.05 ***p<0.001 ****p<0.0001.

For Figure 3. (A, B) 8 mice per group were used for infection with M1 strains, and 12 mice
per group were used for infection with M3 strains. (C) 10 mice per group were used. (D) 9—
10 mice per group were used. (E) 4-5 mice per group were used. (F) 8 mice per group were
used. Statistical analysis: (A, B, E, F) One-way ANOVA, Tukey post-tests, **p<0.01
***p<0.001 ****p<0.0001; (C, D) Two-way ANOVA, Bonferroni post-tests, AsagA vs wt
*p<0.05 ***p<0.001 ****p<0.0001, As/oAsagA vs wt t111p<0.0001.

For Figure 4. (A) 7-8 mice per group were used. (B) 5 mice per group were used. (C, D) 5
mice per group were used. (F) 14-16 mice per group were used. (H) 15 mice per group were
used. Statistical analysis: (A—H) two-way ANOVA, Bonferroni post-tests. *p<0.05 **p<0.01
***p<(0.001 ****p<0.0001. (B) TrpvI-Cre/Dita (ipsi) vs Control (ipsi). (D) RTX (ipsi) vs
Veh (ipsi).

For Figure 5. (B, D) 4 mice per group were used. (E) 4-5 mice per group were used. (G, H)
3 mice per group were used. Statistical analysis: (B, D, E, H) Two-way ANOVA, Bonferroni
post-tests. (G) One-way ANOVA, Tukey post-tests. *p<0.05 **p<0.01 ***p<0.001
***x<0.0001.

For Figure 6. (C) 10 mice per group were used. (D) 5-6 mice per group were used. (G, H) 6
mice per group were used. (1) 5 wells containing DRG neurons (5,000 cells per well) were
used for each condition. DRG neurons were obtained from 2 mice, pooled, and equally
distributed across the groups. (J) 3 mice per group were used to obtain skin punch biopsies,
one biopsy per mouse. Statistical analysis: (C, D, G, H) Two-way ANOVA, Bonferroni post-
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tests. (I, J) One-way ANOVA, Tukey post-tests. *p<0.05 **p<0.01 ***p<0.001
****<0.0001.

For Figure 7. (A) 3—4 wells per group were used. DRG neurons (5,000 cells per well) were
obtained from 2 mice, pooled, and equally distributed across the groups. Neutrophils (5x10°
cells per well) were obtained from 4 mice, pooled, and equally distributed across the groups.
(B) 4 wells per group were used. Neutrophils (5x10° cells per well) were obtained from 2
mice, pooled, and equally distributed across the groups. (C) 3 samples of human blood,
obtained from 3 different donors, were used for all conditions. Each sample was tested in
triplicate, and samples from different donors were not pooled. (D) 6-7 mice per group were
used. (F, G) 10 mice per group were used. Statistical analysis: (A—-C) One-way ANOVA,
Tukey post-tests. (D-G) Two-way ANOVA, Bonferroni post-tests. (A-C,F-G) *p<0.05
**p<0.01 ***p<0.01 ****p<0.0001. (D) BIBN4096 vs veh: *p<0.05 **p<0.01 ***p<0.001
****<0.0001, BONT/A vs veh: Tp<0.05 T1p<0.01 t11p<0.001 t111p<0.0001.

For Figure S1. (A) 10 mice per group were used for infection with M1 strain, and 8-10 mice
per group were used for infection with M3 strain. (B) 9—-10 mice per group were used for
infection with M1 strain, and 14-16 mice per group were used for infection with M3 strain.
(C) 4 mice per group (time point) were used. (D) 8-12 mice per group were used. (E) 4 mice
per group were used for infection with M1 strain, and 9-11 mice per group were used for
infection with M3 strain (F) 3 mice per group were used, and 3 imaging fields of each mouse
were used to quantify the average percentage. Statistical analysis: (A, D) Two-way ANOVA
with Bonferroni post-tests (C, E, F) One-way ANOVA with Tukey post-tests. (A, C, D, E, F)
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

For Figure S2. (A) 5-6 mice per group were used. (B) 3 plates containing DRG neurons
(2,000 cells per plate) from the same mouse were used for each condition. (C) 4 plates
containing DRG neurons (2,000 cells per plate) from the same mouse were used for each
condition. (D) 3 plates containing DRG neurons (2,000 cells per plate) from the same mouse
were used for each condition. Statistical analysis: (A) Two-way ANOVA with Bonferroni
post-tests. (B, C, D) One-way ANOVA with Tukey post-tests, *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.

For Figure S3. (A) 3-6 wells containing DRG neurons (5,000 cells per well) were used for
each condition. DRG neurons were obtained from 4 mice, pooled, and equally distributed
across the groups. (B) 3 samples per group were used. (C, D) 8-12 mice per group were
used. (E) 4-5 mice per group were used. Statistical analysis: (A-E) One-way ANOVA with
Tukey post-tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

For Figure S4. (A, C, D) 7 mice per group were used. (B) 4 mice per group were used. (E)
4-5 mice per group were used. (F) 3-5 mice per group were used, and 3 imaging fields of
each mouse were used to quantify the average percentage. (G) 5 mice per group were used.
(H) 3—4 mice per group were used and 3 imaging fields of each mouse were used to quantify
the average percentage. Statistical analysis: (A, C, D) Two-way ANOVA with Bonferroni
post-tests. (B) One-way ANOVA with Tukey post-tests. (E, F, G, H) Unpaired t-tests. **p <
0.01, ***p < 0.001, ****p < 0.0001.
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For Figure S5. (A) 14-16 mice per group were used. (C) 4 mice per group were used. (D) 3—
4 mice per group were used to confirm neutrophil depletion. (E) 7-11 mice per group were
used. (F) 7-11 mice per group were used for Abscess area measurements, and 10-11 mice
per group were used for Mortality (Kaplan-Meier survival curves). Statistical analysis: (A,
E, F) two-way ANOVA with Bonferroni post-tests, (C) one-way ANOVA with Tukey post-
tests. (A, C) vehicle vs RTX =*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (E, F)
RTX +1gG vs RTX + Grl = *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

For Figure S6. (A) 5-10 mice per group were used. (B) 6 mice per group were used. (C) 5
mice per group were used. (D) 6 mice per group were used. (E) 4-6 mice per group were
used. (F) 5-10 mice per group were used. Statistical analysis: (A, C, E, F) two-way ANOVA
with Bonferroni post-tests, (B, D) unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001,
***rp < 0.0001.

For Figure S7. (A) 4 wells per group were used. Neutrophils (5x10° cells per well) were
obtained from 4 mice, pooled, and equally distributed across the groups. (B) 4 wells per
group were used. Neutrophils (5x10° cells per well) were obtained from 2 mice, pooled, and
equally distributed across the groups. (C) 3—4 wells per group were used. Neutrophils
(5x10° cells per well) were obtained from 4 mice, pooled, and equally distributed across the
groups. (D) 6 mice per group were used. (E) 6—7 mice per group were used. (F) 4-5 mice
per group were used. (G) 10 mice per group were used. Statistical analysis: (A, C, D, F)
One-way ANOVA with Tukey post-tests, (B) Unpaired t-test, (E, G) Two-way ANOVA with
Bonferroni post-tests. *p < 0.05, **p < 0.01, ****p < 0.0001. (E) BIBN4096 vs vehicle =
**p < 0.01, ****p < 0.0001; BoNT/A vs vehicle (tp < 0.05, t1p < 0.01, t111p < 0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

S. pyogenes produces pain during bacterial invasion through Streptolysin S
(SLS).

SLS induces TRPV1 neurons to release the neuropeptide CGRP in infected
tissues.

Neurons suppress neutrophil recruitment and bactericidal activity.

BoNT/A and CGRP antagonist block neural suppression of immunity to treat
infection.
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Figure 1. S. pyogenesinduces pain associated behaviors and directly activates sensory neurons
(A) Representative images of mouse hind paws at different time points after subcutaneous

injection of S. pyogenes M1 or M3 strains (5x107 cfu). (B) Histopathology of skin and soft
tissue biopsies 72 h after injection of vehicle, M1 or M3 (5x107 cfu). Scale bars, 100 um.
(C) Spontaneous pain reflexes (lifting/licking of hind paw) over 1 h after injection of
different inoculums of M1 (n=4/group) or M3 (n=9-11/group). (D) Mechanical sensitivity
after injection of vehicle, S. pyogenes M1 (n=8-9/group) or M3 (n=7-10/group). (E) Heat
sensitivity after injection of vehicle, S. pyogenes M1 (n=8-9/group) or M3 (n=7-9/group).
(F) Representative Fura-2 ratiometric fields (Left) and calcium traces (Center) of DRG
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neurons at baseline and after stimulation in vitrowith live S. pyogenes M3 (5x10° cfu/mL),
capsaicin (1 um), and KCI (40 mM). Scale bars, 50 um. Proportions (Right) of capsaicin
non-responsive (Cap-) and capsaicin responsive (Cap+) neurons that responded to M3
(n=3-4 fields/condition). Statistical analysis: (C) One-way ANOVA, Tukey post-tests. (D-
E) Two-way ANOVA, Bonferroni post-tests. (F) Two-way ANOVA, Bonferroni post-tests.
(C,F) *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001. (D,E) veh vs 5x107 cfu: ***p<0.001
****0<0,0001, veh vs 5x108 cfu: tp<0.05 t1p<0.01 t11p<0.001 t111p<0.0001, veh vs
5x10° cfu: 38p<0.01 8888p<0.0001. ns=not significant. Mean+SEM. See Figure S1 for
related data.
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Figure 2. S. pyogenesinduces neuronal activation and CGRP release through SLS
(A) Representative Fura-2 ratiometric fields (left) and calcium traces (center) of DRG

neurons responding to filtered supernatant from S. pyogenes M1 (5x10° cfu/mL), capsaicin
(1 um), and KCI (40 mM). Proportions (Right) of capsaicin non-responsive (Cap-) and
capsaicin responsive (Cap+) neurons that responded to M1 supernatant (n=3-4 fields/
condition). (B-D) Representative Fura-2 ratiometric fields (B) and calcium traces (C) of
DRG neurons stimulated with filtered supernatant from S. pyogenes M1 (wt) or isogenic
mutants lacking SLS (AsagA), both SLO and SLS (As/oAsagA), or double mutant bacteria in
which sagA expression was restored (As/oAsagA+pDL:sagA). (D) Proportions of
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responding DRG neurons to bacterial supernatant from S. pyogenes M1 (wt) or isogenic
mutant strains (n=3 fields/condition). (E) DRG neurons stimulated for 30 min with
supernatant from S. pyogenes M1 (wt), isogenic mutants, or medium, analyzed for in vitro
release of CGRP (n=5 samples/group). Statistical analysis: (A) Two-way ANOVA,
Bonferroni post-tests. (D,E) One-way ANOVA, Tukey post-tests. *p<0.05 ***p<0.001
****n<0.0001. ns=not significant. Scale bars, 50 um. Mean+SEM. See Figure S2 for related
data.
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Figure 3. SLS is necessary for pain during S. pyogenes infection
(A,B) Spontaneous lifting/licking pain over 1 h after injection of vehicle, S. pyogenes M1 or

M3 (5x108 cfu) wt, AsagA, Aslo, or AsloAsagA strains (M1, n=8/group; M3, n=12/group).
(C,D) Mechanical (n=10/group) and heat (n=9-10/group) sensitivity after injection of S.
pyogenes M3 wt or isogenic mutants (5x107 cfu). (E) Spontaneous pain over 1 h in mice
injected with S. pyogenes M1 (5x108 cfu) and treated with anti-SLS or control 19gG (n=4-5/
group). (F) Spontaneous pain over 1 h after injection of S. pyogenes M1 (5x108 cfu) wt or
isogenic mutants complemented with plasmid encoding sagA (pDL:sagA) or empty plasmid
(pDL278) (n=8/group). Statistical analysis: (A,B,E,F) One-way ANOVA, Tukey post-tests,
**p<0.01 ***p<0.001 ****p<0.0001; (C,D) Two-way ANOVA, Bonferroni post-tests,
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AsagA vs wt *p<0.05 ***p<0.001 ****p<0.0001, As/oAsagA vs wt T111p<0.0001. ns=not
significant. nd=not detected. Mean+SEM. See Figure S3 for related data.
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Figure 4. TRPV1 neurons that mediate pain inhibit host defenses against S. pyogenes infection
(A) Heat sensitivity measured in 7rpvI-Cre/Dtamice and control littermates after S.

pyogenes M1 injection (5x107 cfu, n=7-8/group). (B) Mechanical sensitivity of ipsilateral
(ipsi) and contralateral (contra) hind paws after S. pyogenes M1 injection (5x107 cfu) in
Trpvi-Cre/Dtaand control littermates (n=5/group). (C) Heat sensitivity in RTX and vehicle-
treated mice after S. pyogenes M1 injection (5x107 cfu, n=5/group). (D) Mechanical
sensitivity of ipsilateral and contralateral hind paws of RTX and vehicle-treated mice after S.
pyogenes M1 injection (5x107 cfu, n=5/group). (E-H) S. pyogenes M1 (5x108 cfu) was
injected subcutaneously into the flank of mice: (E) Representative pictures of flank lesions,
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and (F) Quantification of dermonecrosis and weight loss at different time points after S.
pyogenes M1 injection in 7rpvI-Cre/Dtaor control littermates (n=14-16/group). (G)
Representative pictures of flank lesions, and (H) Quantification of dermonecrosis and
weight loss after S. pyogenes M1 injection in RTX or vehicle-treated mice (n=15/group).
Statistical analysis: (A-H) two-way ANOVA, Bonferroni post-tests. *p<0.05 **p<0.01
***p<0.001 ****p<0.0001. (B) TrpvI-Cre/Dia (ipsi) vs Control (ipsi). (D) RTX (ipsi) vs
Veh (ipsi). Mean£SEM. See Figure S4 for related data.
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Figure 5. Nociceptors suppress recruitment of neutrophils that mediate host protection against S.
pyogenes infection

(A) Histopathology of flank biopsies from vehicle or RTX-treated mice 3 days after
injection of S. pyogenes M1 (5x10° cfu). Scale bars, 50 um. (B) Bacterial load recovery
(logyg cfu) from flank lesions and spleens in RTX or vehicle-treated mice after S. pyogenes
M1 injection (5x108 cfu, n=4/group). (C—E) Flow cytometry of leukocyte recruitment in
necrotizing lesions 1 day after S. pyogenes M1 injection (5x10° cfu): (C) Representative
FACS plots showing neutrophils (CD11b*Ly6G* gates) in lesion samples. (D-E)
Quantification of immune cell populations by flow cytometry in flank biopsies from infected
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Trpvi-Cre/Dtamice or control littermates (n=4/group), or from uninfected mice, infected
vehicle-treated mice, or infected RTX-treated mice (n=4-5/group). (F-H) Measurement of
CGRP release ex vivo from flank skin punch biopsies. (G) CGRP release from uninfected
skin (0 h), 7 h, or 24 h after S. pyogenes M1 injection (5%108 cfu) (n=3/group). (H) CGRP
release from uninfected skin or 7 h after S. pyogenes M1 (5x10° cfu) injection of 7rpvi-
Cre/Dtamice or control littermates, or Vehicle or RTX-treated mice (n=3/group). Statistical
analysis: (B,D,E,H) Two-way ANOVA, Bonferroni post-tests. (G) One-way ANOVA, Tukey
post-tests. *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001. ns=not significant. nd=none
detected. Mean+SEM. See Figure S5 for related data.
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Figure 6. Local vs. intrathecal BONT/A injection dissociates pain perception from peripheral

neuro-immune suppression

(A-D) Subcutaneous administration of BONT/A (25 pg/100 uL) or vehicle 6 days prior to S.
pyogenes M1 injection in flank skin (5x108 cfu). (B) Representative images of lesions (day
8), (C) Dermonecrosis size measurements, and (D) Weight loss over time after injection of
S. pyogenes (n=5-10/group). (E-H) Intrathecal administration of BONT/A or vehicle 1 day
prior to S. pyogenes M1 injection in flank skin (5x108 cfu). (F) Representative images of
lesions (day 8), (G) Dermonecrosis size measurements, and (H) Weight loss over time after
injection of S. pyogenes (n=6/group). (1) DRG neurons exposed to BONT/A (25 pg/200 uL)
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or medium for 24 h were stimulated with S. pyogenes supernatant (5x10° cfu/mL) for 30
min, and CGRP was measured in neuronal supernatant (n=5/group). (J) CGRP release from
skin punch biopsies of mice treated intrathecally or locally with BONT/A, 7 h after S.
pyogenes M1 (5x108 cfu) injection (n=3/group). Statistical analysis: (C,D,G,H) Two-way
ANOVA, Bonferroni post-tests. (1,J) One-way ANOVA, Tukey post-tests. *p<0.05 **p<0.01
***n<0.001 ****p<0.0001. ns=not significant. Mean+SEM. See Figure S6 for related data.

Cell. Author manuscript; available in PMC 2019 May 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Pinho-Ribeiro et al. Page 42

A Mouse neutrophil and DRG co-incubation B Mouse neutrophil C Human Blood
3, ns _wx
5 l_ 2 e T &1
—— * o S Fkkk
8 § e w O -8 ns
5 c 2] q:_) 8 3 * § 8 61
S c
& &2 58
L 38 8 4
%) % 1 Q i Q i
= “w= 2=
= — §
0 . 5
-+ + + + + . =
Neutggf(\;l R Neutrophil -+ + 0 10 100
CGRP - - + CGRP (nM)
BoNT/A - - - + - -
CGRP,,, - - - - + -
BIBN409%% - - - - - +
_ E Day2/9treatment: BoNT/A Vehicle
D Dermonecrosis
L O
Day 8 m Pre
60 - * kk  kkkk kkk khk K > Veh|c|e treatment
vehicle ® BoNT/A
&y T -+ BIBN4096
Eoft 1Y
E Post
BoNT/A T treatment
2 20
BIBN4096
0 o6 T T 1
0 5 10 15
Days after infection
F Dermonecrosis = Vehice G Abscess Size -= Vehicle
_._ BONT/A Kk kK *kkk *kk Kk Kkkk *kkk _._ BONT/A
1501 P T T il T N 200 wxw o Kwrx ********* ekw whan
\
& ' ' & 150
E oo E
© S 100-
o Q
< g0 <
50
0 : ; . 0 . ‘ .
0 5 10 15 0 5 10 15
Days after infection Days after infection

Figure 7. BONT/A and CGRP antagonism block neural modulation of immunity to treat
bacterial invasion

(A) DRG neurons were pretreated with BONT/A for 24 h, or with CGRP antagonists
(CGRPg_37 or BIBN4096) immediately before co-incubation with mouse neutrophils and S.
pyogenes M1 for 1 h. Bacterial survival was measured as the multiplication factor of
surviving colonies/starting inoculum (n=3-4 replicates/group). (B) Mouse neutrophils were
incubated with S. pyogenes M1 in presence of CGRP or vehicle for 1 h, and bacterial
survival measured (n=4/group). (C) Human whole blood was incubated with S. pyogenes
M1 in presence of CGRP or vehicle for 3 h, and bacterial survival measured (n=3/group).
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(D) Representative images of lesions at day 8 (left) and dermonecrosis size (right) of mice
treated 2 h after S. pyogenes M1 injection (5x10° cfu) with vehicle, BONT/A, or BIBN4096
(n=6-7/group). (E-G) Mice were treated subcutaneously with BoNT/A or vehicle at day 2
and day 9 following flank injection of S. pyogenes M1 (5x106 cfu). Representative images
show lesions before and after treatment (E). Dermonecrotic lesions (F) and abscess sizes (G)
were measured over time (n=10/group). Blue dots show injection sites at day 2 and day 9.
Arrows show BoNT/A treatments. Statistical analysis: (A—-C) One-way ANOVA, Tukey
post-tests. (D-G) Two-way ANOVA, Bonferroni post-tests. (A—-C,F-G) *p<0.05 **p<0.01
***p<(.01 ****p<0.0001. (D) BIBN4096 vs veh: *p<0.05 **p<0.01 ***p<0.001
****p<0.0001, BONT/A vs veh: 1p<0.05 T1p<0.01 t11p<0.001 t111p<0.0001. ns=not
significant. Mean£SEM. See Figure S7 for related data.
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