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Unfolded protein response inhibitors cure group 
A streptococcal necrotizing fasciitis by modulating  
host asparagine
Aparna Anand1†, Abhinay Sharma1†, Miriam Ravins1, Debabrata Biswas2,3, 
Poornima Ambalavanan2,3, Kimberly Xuan Zhen Lim2,3, Rachel Ying Min Tan2,3, Atul Kumar Johri4, 
Boaz Tirosh5*, Emanuel Hanski1,2,3*

Group A streptococcus (GAS) is among the top 10 causes of mortality from an infectious disease, producing mild 
to invasive life-threatening manifestations. Necrotizing fasciitis (NF) is characterized by a rapid GAS spread into 
fascial planes followed by extensive tissue destruction. Despite prompt treatments of antibiotic administration 
and tissue debridement, mortality from NF is still high. Moreover, there is no effective vaccine against GAS, and 
early diagnosis of NF is problematic because its clinical presentations are not specific. Thus, there is a genuine 
need for effective treatments against GAS NF. Previously, we reported that GAS induces endoplasmic reticulum 
(ER) stress to gain asparagine from the host. Here, we demonstrate that GAS-mediated asparagine induction and 
release occur through the PERK-eIF2-ATF4 branch of the unfolded protein response. Inhibitors of PERK or inte-
grated stress response (ISR) blocked the formation and release of asparagine by infected mammalian cells, and 
exogenously added asparagine overcame this inhibition. Moreover, in a murine model of NF, we show that the 
inhibitors minimized mortality when mice were challenged with a lethal dose of GAS and reduced bacterial counts 
and lesion size when mice were challenged with a sublethal dose. Immunohistopathology studies demonstrated 
that PERK/ISR inhibitors protected mice by enabling neutrophil infiltration into GAS-infected fascia and reducing 
the pro-inflammatory response that causes tissue damage. Inhibitor treatment was also effective in mice when 
started at 12 hours after infection. We conclude that host metabolic alteration induced by PERK or ISR inhibitors is 
a promising therapeutic strategy to treat highly invasive GAS infections.

INTRODUCTION
Streptococcus pyogenes, group A streptococcus (GAS), is a Gram-
positive extracellular strict human pathogen. It is among the top 10 
causes of mortality from an infectious disease (1, 2). GAS strains are 
subclassified serologically or genetically based on the variance in 
the N-terminal amino acid sequences of the surface M protein, a 
major virulence factor encoded by the emm gene (3). More than 220 
different emm types exist, and the GAS clone of emm-type M1T1 
has spread globally and is one of the dominant serotypes causing 
diseases among the populations of industrialized countries (4–6).

Despite being sensitive to penicillin, GAS causes diverse mani-
festations, ranging from mild to invasive diseases with high mortal-
ity rates. GAS also causes toxin-mediated diseases like scarlet fever 
and streptococcal toxic shock syndrome and autoimmune sequelae 
such as rheumatic fever and glomerulonephritis (2,  7–13). More 
than 18 million globally are estimated to suffer from serious GAS 
diseases, with about 1.78 million new cases annually. In addition, 
hundreds of millions of people develop mild GAS infections every 
year, placing a massive burden on health care systems (7, 14).

Invasive GAS infections are defined as infections of usually ster-
ile sites, including bacteremic pneumonia, sepsis, and necrotizing 
fasciitis (NF) (13). NF is an acute, rapidly progressive, severe deep-
seated infection of the subcutaneous tissue. It begins at a site of triv-
ial or even unapparent trauma. The initial lesion may appear only as 
mild erythema, but inflammation becomes extensive within a short 
period, leading to a destructive skin and soft tissue process over large 
body areas (15). The mainstay of treatment for invasive GAS diseases 
is administering antibiotics, surgical debridement of infected tis-
sues, and supportive care (16). Unfortunately, regardless of prompt 
therapy, the associated mortality rate from NF remains high, ranging 
from 23 to 35% in resource-rich settings (7, 8, 10, 11, 13, 17). Because 
there is no effective vaccine against GAS (18, 19), there is an urgent 
need for approaches to combat invasive soft tissue GAS infections.

We have previously isolated a cluster of strains from NF GAS 
infections in Israel (20). Using a strain from this cluster, we devel-
oped a mouse model mirroring human GAS soft tissue infection. 
The infection was histologically characterized by the destruction of 
soft tissue, paucity of infiltrating phagocytes, and the presence of a 
large number of Gram-positive cocci at the fascial plane (15, 21). By 
using this model, we demonstrated that GAS induces endoplasmic 
reticulum (ER) stress and consequently triggers the unfolded pro-
tein response (UPR) (22). These processes provide extracellular as-
paragine for the bacteria. Furthermore, asparagine is sensed by GAS, 
causing a transcription alteration of 17% of GAS genes and increas-
ing bacterium multiplication rate (22). Nevertheless, the signaling 
pathways of UPR responsible for the GAS-mediated generation of 
asparagine remained unidentified.

The integrated stress response (ISR) is a cellular signaling net-
work that couples the detection of cellular stresses to the inhibition 

1Department of Microbiology and Molecular Genetics, The Institute for Medical 
Research, Israel-Canada (IMRIC), Faculty of Medicine, The Hebrew University of 
Jerusalem, Jerusalem 9112102, Israel. 2Singapore-HUJ Alliance for Research and 
Enterprise, MMID Phase II, Campus for Research Excellence and Technological En-
terprise (CREATE), Singapore 117576, Singapore. 3Department of Microbiology and 
Immunology, National University of Singapore, Singapore 138602, Singapore. 
4School of Life Sciences, Jawaharlal Nehru University, New Mehrauli Road, New 
Delhi 110067, India. 5Institute for Drug Research, School of Pharmacy, Faculty of 
Medicine, The Hebrew University of Jerusalem, Jerusalem 9112102, Israel.
*Corresponding author. Email: emanuelh@ekmd.huji.ac.il (E.H.); boazt@ekmd.huji.
ac.il (B.T.)
†These authors contributed equally to this work.

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim  
to original U.S. 
Government Works

 at H
ebrew

 U
niversity on A

ugust 4, 2021
http://stm

.sciencem
ag.org/

D
ow

nloaded from
 

mailto:emanuelh@ekmd.huji.ac.il
mailto:boazt@ekmd.huji.ac.il
mailto:boazt@ekmd.huji.ac.il
http://stm.sciencemag.org/


Anand et al., Sci. Transl. Med. 13, eabd7465 (2021)     4 August 2021

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

2 of 12

of translation initiation by phosphorylating the  subunit of the eu-
karyotic translation initiation factor (eIF2) at Ser51 to elicit a tran-
scriptional and translational stress response (23–26). ISR includes 
conditions leading to a buildup of misfolded proteins in the ER, a 
condition called ER stress. Three ER transmembrane proteins sense 
ER stress: protein kinase RNA (PKR)–like ER kinase (PERK), acti-
vating transcription factor 6 (ATF6), and inositol-requiring protein 
1 (IRE1). Upon sensing stress, these sensors trigger the UPR (27). 
The PERK branch of UPR leads to the ATF4. ATF4 controls the 
expression of a range of adaptive genes involved in cellular recov-
ery, including asparagine synthetase (28). This signaling pathway of 
UPR is termed as PERK-eIF2-ATF4 pathway (27, 29). GSK2606414 
and GSK2656157 are selective PERK inhibitors, and the latter was 
selected for preclinical development (30). The ISR-mediated phos-
phorylation of eIF2 (p-eIF2) inhibits eIF2B, the guanine nucleotide 
exchange factor that recycles inactive eIF2–guanosine diphosphate 
(GDP) to active eIF2–guanosine triphosphate (GTP). A small-molecule 
ISR inhibitor (ISRIB) rescues translation in the presence of p-eIF2 
by facilitating the assembly of more active eIF2B (31, 32).

Because we identified that GAS activates the PERK-eIF2-ATF4 
pathway specifically to obtain asparagine from the host, we set out 
to examine whether inhibitors of this pathway could treat GAS in-
vasive infections. We demonstrate that the inhibitors cure invasive 
GAS soft tissue infections in a murine model.

RESULTS
GAS induces asparagine production in host cells via 
the PERK-eIF2-ATF4 pathway
To identify the host UPR pathways targeted by GAS to increase 
asparagine availability for its benefit, we used HaCaT human kerat-
inocyte cells relevant to GAS infection (33). HaCaT cells were in-
fected with GAS strain JS12 harboring the P4 promoter of sil 
(streptococcal invasion locus) fused to gfp (JS12pP4-gfp). sil is a 
quorum-sensing system that is activated by the autoinducer peptide 
SilCR, as illustrated in fig. S1A. JS12 has an intact sil locus that senses 
asparagine and consequently activates sil P3, P4, and P6 promoters 
to a threshold degree (34); these promoters are then further activated 
by the autoinduction process producing SilCR. JS12pP4-gfp pro-
duces green fluorescent protein (GFP) when sil is activated and thus 
serves as a reporter for extracellular asparagine in the medium 
(22, 34). P4 promoter activity was enhanced during infection of 
HaCaT cells by JS12pP4-gfp, as determined by the mean fluores-
cence intensity (MFI) of GFP using flow cytometry (Fig. 1, A and B). 
GFP accumulation was time dependent and inhibited in a dose-
dependent manner by the specific inhibitor of PERK, GSK2606414 
(Fig.  1A) (30). Because GSK2606414 did not affect GAS growth 
in vitro (fig. S1B), these results suggested that the GAS-mediated 
induction of host asparagine production occurs via activation of the 
PERK-eIF2-ATF4 pathway. Similarly, the addition of ISRIB did 
not affect GAS growth in vitro (fig. S1C) but inhibited GFP accu-
mulation in JS12pP4-gfp–infected HaCaT cells in a dose-dependent 
manner (Fig. 1B). These findings further favor the notion that GAS 
activates the PERK-eIF2-ATF4 pathway and that inhibitors of this 
pathway’s components block asparagine formation.

To demonstrate that the production of asparagine through the 
PERK-eIF2-ATF4 pathway is independent of the presence or the 
absence of an active sil (which is used here solely as a reporter), we 
infected HaCaT cells with four strains of GAS of two different M 

types, which neither possess (854, 5448, of M1T1 type) nor have a 
functional sil (JS14, JS95, of M-14 type). We collected the culture 
media and assessed their asparagine content at the indicated times 
after infection by applying the indirect sil activation assay described 
previously (22). In this assay, GAS strains that do not have active sil 
are first incubated with mammalian cells, and the culture media 
(free of cells and bacteria) are collected and further incubated with 
the reporter strain JS12pP4-gfp to assess the asparagine content. 
Irrespective of their M types, the four strains induced asparagine for-
mation and release from HaCaT cells in a time-dependent manner, 
and asparagine formation and release were blocked by GSK2606414 
(fig. S1D). Next, we demonstrated that exogenously added asparagine 
overrode the inhibitory effect of GSK2606414  in GAS-infected 
HaCaT cells (Fig. 1C). Both PERK inhibitors, GSK2606414 and 
GSK2656157 (30), prevented sil activation in GAS-infected HaCaT 
cells, and the inhibition was reversed by adding 10 or 100 g/ml of 
exogenous asparagine (fig. S1, E and F). We also performed similar 
experiments with mouse embryonic fibroblasts (MEFs) and ob-
tained comparable results; GSK2606414 inhibited sil activation, and 
the inhibition was alleviated by adding exogenous asparagine (fig. 
S1G). Because incubation with host cells enhances GAS growth 
(22, 34), we enumerated colony-forming units (CFUs) as a func-
tion of time after infection of HaCaT cells with JS12. Whereas 
GSK2606414 did not affect GAS growth in vitro (fig. S1B), it inhibited 
GAS growth in the presence of HaCaT cells and exogenously added 
asparagine ameliorated GAS growth inhibition by GSK2606414 
(Fig. 1D). JS12 has an intact sil but does not cause invasive infection 
in a murine model of human NF. For this infection model, we used 
GAS strain JS14 isolated from a collection of invasive GAS infec-
tions reported in Israel (20). To ensure that JS14 growth behavior 
on HaCaT cells was similar to that of JS12, we grew JS14 on HaCaT 
cells and found that GSK2606414 inhibited JS14 growth, and the 
inhibition was alleviated by the addition of exogenous asparagine 
(fig. S1H).

Next, we measured the transcript amounts of atf4 and asparag-
ine synthetase (asns) in HaCaT cells infected by JS12 strain in the 
presence or absence of GSK2606414 or ISRIB. Transcript amounts 
of both genes were significantly up-regulated upon GAS infection 
(P = 0.0002 for atf4 and P ≤ 0.0001 for asns) in a time-dependent 
manner, and their expression was significantly (P ≤ 0.05) repressed 
in the presence of either of the inhibitors (Fig. 1, E and F). Similar 
results were generated for MEF cells when infected with GAS strain 
JS12 or HaCaT cells when infected with 5448 (serotype M1T1) (fig. S1, 
I to L). We then performed Western blot analyses to assess the 
phosphorylation amounts of PERK and eIF2 in HaCaT cells 
infected with GAS in the presence or absence of GSK2606414 or 
ISRIB. HaCaT cells, infected with strain JS12, displayed increased 
PERK and eIF2 phosphorylation (Fig. 1G). In addition, increased 
phosphorylation of PERK upon GAS infection was observed for all 
the different GAS strains tested (fig. S1M). Also, GSK2606414 but 
not ISRIB (which acts downstream) inhibited GAS-induced in-
creased phosphorylation of PERK and eIF2, and both were phos-
phorylated when cells were incubated with thapsigargin (TG) 
(Fig. 1G). Thus, GAS uses the PERK-eIF2-ATF4 pathway of the 
UPR to generate the asparagine required by the bacterium, and 
the two other arms of the UPR do not contribute to the effect. The 
IRE1-XBP1 pathway inhibitor, STF-083010 (35), and the inhibitor 
of the ATF6 pathway, AEBSF (36), inhibited mRNA expression 
of spliced xbp1 or ERp72, respectively, when UPR was induced in 
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Fig. 1. GAS activates the PERK-eIF2-ATF4 pathway to acquire asparagine from HaCaT cells. (A to C) Quantification of sil activation upon acquisition of asparagine 
from HaCaT cells. HaCaT cells were infected with GAS strain JS12, harboring the plasmid pP4-gfp (JS12pP4-gfp) at multiplicity of infection (MOI) = 1. Mean fluorescence 
intensity (MFI) representing GFP accumulation was determined by flow cytometry (FACS). (A and B) Dose-dependent inhibition of GSK2606414 and ISRIB on sil activation. 
(C) Asparagine (Asn) addition reversed GSK2606414-mediated inhibition of sil activation. The values shown are the mean of three determinations ± SD in a single exper-
iment. Two independent experiments were performed and yielded similar results (table S1). (D) Quantification of bacterial CFU per ml at different time intervals when 
incubated with HaCaT cells at MOI = 1 in the presence or absence of GSK2606414. The values shown are the mean of two determinations ± SD (table S1). (E and F) Real-
time RT-PCR of activating transcription factor 4 (atf4) and asparagine synthetase (asns) genes in HaCaT cells infected with JS12pP4-gfp in the presence and absence of 
GSK2606414 and ISRIB. HaCaT cells were infected with JS12pP4-gfp strain at MOI = 1 in the presence or absence of GSK2606414 or ISRIB. (E) atf4 and (F) asns transcript 
abundance was determined by real-time RT-PCR after 2 and 4 hours of incubation and normalized to the transcript abundance of -actin. The amounts of the correspond-
ing transcript in uninfected cells were designated as 1. The real-time RT-PCR for each sample was performed in triplicates, and the values shown represent the means ± 
SEM. One-way ANOVA with Tukey post-test, **P < 0.01; ***P < 0.001. (G) Western blot analysis of UPR markers in GAS-infected HaCaT cells. HaCaT cells were incubated 
with thapsigargin (TG) (0.25 M) or infected with JS12pP4-gfp at MOI = 1 for 4 hours at 37°C in the absence or presence of GSK2606414 (1 M) or ISRIB (0.6 M). Cells were 
then harvested, lysed, and subjected to SDS–polyacrylamide gel electrophoresis followed by Western blot analysis. -Actin was used as a loading control. Quantification 
of p-eIF2 and total eIF2 was performed using ImageJ software.
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HaCaT cells by TG. However, when UPR was induced by GAS in-
fection, the mRNA amounts of spliced xbp1 or ERp72 remained the 
same as in the noninfected HaCaT cells (fig. S1, N and O). Col-
lectively, these findings show that GAS-induced asparagine formation 
in mammalian cells is mediated by activating the PERK-eIF2-
ATF4 pathway.

Asparagine affects GAS growth and expression of mga, 
emm, and scpA genes
In a recent study, we assessed the effect of asparagine on GAS global 
gene expression by growing the bacteria in a Todd-Hewitt broth 
with yeast extract (THY) medium supplemented with recombinant 
asparaginase from Erwinia chrysanthemi (Kidrolase), which hydro-
lyzes asparagine and serves as an anticancer chemotherapy drug 
(22, 37). Nevertheless, Kidrolase generates toxic effects on eukaryotic 
cells (37) and may alter the metabolism of GAS due to a constant 
depletion of asparagine from the medium. Therefore, we tested the 
effect of asparagine on GAS growth and gene expression in a chem-
ically defined medium (CDM) that lacks asparagine, with asparagine 
supplemented at controlled concentrations. The growth curves of 
M-14 type strains (JS14 and JS95) (Fig. 2, A and B) isolated from 
patients with invasive GAS diseases in Israel (20) and M1T1 strains 

854 and 5448 (Fig. 2, C and D) show that exogenously added 
asparagine increased the growth rate significantly (P ≤ 0.0001) at a 
concentration of 10 g/ml. We also tested GAS dependence on 
asparagine using additional M1T1 strains (AP1, MGAS 5005, and 
GAS 2008-119) and found that all strains tested exhibited a higher 
growth rate in the presence of asparagine (fig. S2, A to C).

We tested the influence of asparagine on the transcription of few 
virulence genes in GAS grown in CDM. The results demonstrate 
that exogenously added asparagine at 10 g/ml strongly up-regulated 
the transcription of mga, emm, and scpA compared to CDM with-
out asparagine. This trait was found for JS14 (Fig. 2E), JS95 (fig. S2D), 
used by us previously (22), and strain 5448 (Fig. 2F). Mga is a stand-
alone response regulator controlling global virulence networks in 
GAS (38), including the operon, Mga itself, M protein, C5a peptidase–
ScpA, and other genes involved in the regulation of metabolism 
(39, 40). These results demonstrate that asparagine may affect bac-
terial virulence due to transcription up-regulation of mga and, con-
sequently, GAS genes encoding critical virulence factors such as M 
protein and ScpA (3, 41, 42).

Last, to demonstrate that the transcription of the indicated viru-
lence factors occurs ex vivo in the context of the PERK-eIF2-ATF4 
pathway, we measured the transcript amounts of mga, emm, and 

Fig. 2. Asparagine affects GAS growth and the expression of essential virulence factors. (A to D) The 
growth of JS14, JS95, 854, and 5448 was monitored in CDM in the presence and absence of asparagine by 
measuring optical density at 600 nm (OD600). Two determinations ± SD were performed in a single exper-
iment (table S1). (E and F) The difference in mRNA expression of mga, emm, and scpA was measured in 
strains JS14 and 5448 grown in CDM with (10 g/ml) or without asparagine. RNA was prepared and quan-
tified by real-time RT-PCR. For each gene, transcript abundance was normalized to that of gyrA in each 
sample. The values shown are the means ± SEM of two different experiments. Unpaired one-tailed t test, 
*P < 0.05; ***P < 0.001. (G) Gene expression of mga, emm, and scpA was measured after HaCaT cell infection 
with JS14 in the presence or absence of GSK2606414 or ISRIB. RNA was extracted from bacteria, and the 
amounts of mRNA were quantified by real-time RT-PCR. The expression level of transcripts was normalized 
to that of gyrA in each sample for each gene. The values shown are the means ± SEM of three independent 
experiments. Unpaired one-tailed t test, ***P < 0.001.
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scpA in JS14 incubated with HaCaT cells for 6 hours under similar 
conditions to those used for sil activation in JS12. There was a de-
crease in the expression of the indicated genes in the presence of 
GSK2606414 and ISRIB (Fig.  2G). These results confirm that the 
transcription of mga, emm, and scpA is affected by PERK-eIF2-
ATF4 pathway inhibitors during infection with host cells.

GSK2656157 and ISRIB protect mice against GAS infections
Because asparagine acquisition by GAS occurs in vivo in the murine 
model of human soft tissue infection (22), we tested whether PERK-
eIF2-ATF4 pathway inhibitors would protect mice against infec-
tion with a lethal dose of GAS. For this purpose, we subcutaneously 
challenged BALB/c mice with 1.5 × 108 CFU of JS14. Infected mice 
were treated for 5 days after infection by repeated subcutaneous and 
intraperitoneal injections of the PERK inhibitor GSK2656157. The 
Kaplan-Meier survival analysis showed that mortality rates in in-
fected mice treated with GSK2656157 were significantly (P = 0.0014) 
lower compared to untreated infected mice (n = 15 per group). More-
over, at 14 days after infection, mouse survival in the GSK2656157-
treated group was 80%, whereas only 30% of the untreated mice 
survived (Fig. 3A). ISRIB treatment was also equally effective at in-
creasing survival in mice challenged with a lethal dose of JS14 
(Fig. 3B), suggesting that inhibitors acting along the PERK-eIF2-
ATF4 pathway axis protect against GAS infection. In addition, 
treatment with GSK2656157 completely prevented mouse mortality 

when mice were challenged with strain 5448, whereas 50% of the 
mice died in the untreated infected group within 14 days after infec-
tion (Fig. 3C).

To follow the bacterial burden of GAS strain 5448 in surviving 
mice, we enumerated CFUs in soft tissue at day 3 after infection 
from both GSK2656157-treated and untreated mice and found that 
they contained a comparable count of bacterial colonies (2 × 1010 CFU 
per gram of tissue). CFUs in soft tissue from GSK2656157-treated 
mice started showing a decline at day 6 after infection and were two 
to three orders of magnitude lower at day 10 and almost seven orders 
of magnitude lower on day 14 after infection (Fig.  3D). Further-
more, the CFUs recovered from the spleen of GSK2656157-treated 
mice were significantly lower at days 10 and 14 after infection (P = 
0.0079 and 0.0109, respectively) than in untreated mice (fig. S3A). 
GSK2656157 treatment may affect glucose-stimulated insulin secre-
tion (43); however, we did not observe a significant (P > 0.05) change 
in the body weight of GSK2656157-treated versus untreated mice 
(fig. S3B). In addition, mice treated with GSK2656157 displayed 
smaller lesions during the infection than the untreated mice (Fig. 3E 
and fig. S3C), indicating improved local and systemic recoveries.

GSK2656157 acts by enhancing neutrophil-mediated 
GAS clearance
We reasoned that infecting mice with a lethal dose (≥1 × 108 CFU) 
of GAS could overwhelm the immune system and trigger responses 

Fig. 3. GSK2656157 and ISRIB protect mice against GAS lethal soft tissue infections. (A to C) Kaplan-Meier survival analysis of BALB/c mice [(A and C), n = 15 per 
group; (B), n = 12 per group] infected by subcutaneous administration of 1.5 × 108 CFU of strain JS14 (A and B) or 2.5 × 108 CFU of strain 5448 (C) and subsequently untreated 
or treated for 5 days post-infection (P.I.) with GSK2656157 (A and C) or with ISRIB (B). Log-rank (Mantel-Cox) test for indicated treatments compared to the corresponding 
untreated mice; **P < 0.01; *P < 0.05. (D) Data represent CFU counts per gram of soft tissue, derived after infection from mice (n = 5 per group) infected with 2.5 × 108 CFU of 
strain 5448 and untreated or treated with GSK2656157. Data are means ± SD. Mann-Whitney U test, **P < 0.01. (E) Skin lesion sizes in mice (n = 5 per group) infected with 
2.5 × 108 CFU of strain 5448 and subsequently untreated or treated with GSK2656157. The lesion area (mm2) was measured using a digital caliper. Data are means ± SD.  
Mann-Whitney U test, *P < 0.05; **P < 0.01.
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that are not strictly relevant to human GAS infection. Therefore, we 
infected mice subcutaneously with a sublethal dose of 5 × 106 CFU 
of JS14 and monitored lesion size and enumerated CFUs in the soft 
tissue and spleen. Mice developed lesions with sizes peaking around 
day 4 after infection, and lesions were visible for up to 14 days after 
infection (Fig. 4, A and B). However, from days 6 to 8 after infec-
tion, a slight decrease in CFU was observed in mice soft tissue from 
the untreated infected group, and their spleens showed significant 

(P ≤ 0.0195) bacterial accumulation (Fig. 4, C and D). In addition, 
treatment of mice with GSK2656157 caused a marked reduction of 
GAS CFUs in soft tissue and spleen (Fig. 4, C and D) and prevented 
spleen increase compared to the untreated mice (fig. S4A).

Neutrophils are the primary host innate immune defense against 
GAS infections (13, 44). Therefore, we examined GAS and neutro-
phil distribution in infected soft tissue by immunohistopathology. 
On day 2 after infection, GAS and neutrophil distributions in tissue 

Fig. 4. GSK2656157 clears GAS soft 
tissue infection by enhancing the 
infiltration of neutrophils. BALB/c 
mice were infected by subcutane-
ous administration of 5 × 106 CFU (a 
sublethal dose) of strain JS14 and then 
were either untreated or treated for 
5 days after infection with GSK2656157. 
(A) Representative images of skin le-
sions in untreated and GSK2656157-​
treated mice at indicated times after 
infection. (B) GSK2656157-treated 
or untreated groups of BALB/c mice 
(n = 5 per group) were injected sub-
cutaneously with a sublethal dose 
(5 × 106 CFU) of JS14 strain, and le-
sion size was measured using a dig-
ital caliper daily up to 14 days after 
infection. Data are means ± SD.  
Unpaired one-tailed t test, *P < 0.05; 
**P < 0.01. (C) Data represent CFU 
counts per gram of soft tissue de-
rived from GSK2656157-treated or 
untreated mice (n = 15 per group) 
after subcutaneous infection. Data 
are means ± SEM. Mann-Whitney 
U test, *P < 0.05; **P < 0.01; ***P < 
0.001. (D) CFU counts per spleen, 
derived from GSK2656157-treated 
or untreated mice (n = 15 per group) 
after subcutaneous infection. Data 
are means ± SEM. Mann-Whitney 
U test, *P < 0.05; ***P < 0.001. (E) Rep-
resentative micrographs of mouse 
soft tissue biopsies collected from 
GSK2656157-treated or untreated 
mice after subcutaneous infection 
with JS14 at indicated times after 
infection. The following reagents 
were used for immunostaining: GAS, 
anti–group A carbohydrate, red; 
neutrophils, anti–Ly-6G antibodies, 
green; nucleated cells, 4′,6-diamidino-
2-phenylindole, blue. Scale bars, 
500 m.
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sections from GSK2656157-treated and untreated mice started to 
show noticeable differences (Fig.  4E). Bacteria densely populated 
the fascial zone, with a small number of neutrophils in the untreated 
fascia, whereas in GSK2656157-treated mice, neutrophils entered 
into the bacterial-occupied fascia. On day 4 after infection, the dif-
ference between the two groups became even more apparent, with 
the beginning of bacterial clearance from the fascial zone of 
GSK2656157-treated mice. On day 6 after infection, an increase in 
the number of neutrophils was observed in the fascia of GSK2656157-
treated mice, and the number of bacteria decreased considerably.

In contrast, in tissue sections of untreated mice, the fascia still 
contained a dense layer of bacteria. On day 8 after infection, almost 
no bacteria and traces of neutrophils were detected in sections of 
GSK2656157-treated mice, whereas in sections from untreated mice, 
the fascia still contained a considerably large number of bacteria. 
Furthermore, on days 6 and 8 after infection, skin sections from 
treated mice appeared to regain tissue integrity, whereas the tissues 
from untreated mice appeared consistently fragmented and dam-
aged, showing loss of tissue integrity (Fig. 4E).

Because the initial treatment protocol included administration 
of GSK2656157, both subcutaneously and intraperitoneally, we 
wondered whether administration through both routes is necessary 
to exert the protective effect of GSK2656157. Therefore, we infected 
mice subcutaneously with a sublethal dose of GAS strain JS14 and 
treated them with GSK2656157. Treatment continued after infec-
tion for five consecutive days via either intraperitoneal or subcuta-
neous or both intraperitoneal and subcutaneous routes. On day 2 
after infection, GAS CFU numbers in 
infected soft tissue were high and simi-
lar for all injection routes. However, on 
day 6 after infection, there was a slight 
decrease in GAS CFU only in mice in-
jected via both the subcutaneous and 
intraperitoneal routes. This difference 
considerably intensified at day 8 after 
infection; the soft tissue of mice injected 
via both the intraperitoneal and sub
cutaneous routes had two to three orders 
of magnitude lower GAS CFUs than the 
soft tissue of mice injected via the single 
infection route (fig. S4B). Furthermore, 
only the intraperitoneal + subcutaneous 
injection route eliminated the bacteria 
from the spleen at days 6 and 8 after in-
fection (fig. S4C). These results are con-
sistent with the observation that GAS 
soft tissue infection is associated with 
severe vascular dysfunction (45), and 
therefore, both local and systemic injec-
tions of GSK2656157 are required to 
achieve effective treatment.

Reprogramming of asparagine 
metabolism by GSK2656157 or 
ISRIB allows efficient treatment 
of GAS infections in mice
We expected that GSK2656157 and 
ISRIB would act in  vivo as they act 
ex  vivo, namely, inhibiting the PERK- 

eIF2-ATF4 pathway, thereby decreasing the asparagine synthetase 
up-regulation and preventing GAS from being fueled by host aspar-
agine. We used the JS95ATG pP4-luc strain to test this notion. This 
strain causes a soft tissue infection in mice and has an intact sil locus 
(22). Luciferase activity was measured in biopsies of infected mice 
untreated or pretreated with GSK2656157 (subcutaneously + intra-
peritoneally). At 6 or 12 hours after infection, tissue samples were 
excised and homogenized, and luciferase activity was determined 
and normalized to sample weight and the CFU number (Fig.  5A 
and fig. S5A, respectively). Treatment with GSK2656157 signifi-
cantly inhibited luciferase activity (P ≤ 0.0176), demonstrating that 
the PERK-eIF2-ATF4 pathway is inhibited by GSK2656157 in vivo, 
preventing GAS fueling by asparagine.

To test this notion further, we infected mice with a sublethal 
dose (5 × 106 CFU per mouse) of JS14 and provided the mice with 
exogenous asparagine to assess whether the protective effect of 
GSK2656157 would be reverted. We injected mice that had been 
pretreated with either GSK2656157 or ISRIB with asparagine sub-
cutaneously and intraperitoneally alternately every 12 hours after 
infection until the sixth day and enumerated CFUs in soft tissue. 
Asparagine treatment negated the protective effect of GSK2656157 
(Fig.  5B). GAS CFU in the soft tissue of asparagine-treated mice 
increased at days 8 and 10 after infection by about 1000- and 10,000-fold, 
respectively, reaching the CFUs of mice infected with JS14 (Fig. 5B). 
Asparagine administration also abrogated the decreased CFUs of GAS 
observed in the spleen of GSK2656157-treated mice by day 8 after in-
fection (fig. S5B). Moreover, spleen’s sizes of asparagine-administered 

Fig. 5. GSK2656157 and ISRIB act in vivo to inhibit the reprogramming of asparagine metabolism by GAS. 
(A) BALB/c mice (n = 10 per group) were untreated or treated with GSK2656157 every 12 hours for 3 days before bacterial 
infection and infected by subcutaneous administration of 1.5 × 108 CFU (lethal dose) of strain JS95pP4-luc. Mice were 
euthanized at 6 hours after infection. Biopsies were taken and homogenized, and relative luminescence units (RLUs) 
were normalized to CFUs. Each value represents the mean of two determinations conducted for each punch biopsy. 
Unpaired one-tailed t test, ***P < 0.001. (B) BALB/c mice were infected by subcutaneous administration of 5 × 106 CFU 
(a sublethal dose) of strain JS14 and then were either untreated or treated with GSK2656157 or with GSK2656157 + Asn. 
Data are CFU counts per gram of soft tissue, derived from untreated, GSK2656157-treated, or GSK2656157 + Asn–treated 
mice (n = 5 per group) after subcutaneous infection. Mann-Whitney U test, *P < 0.05; **P < 0.01. (C) Representative 
pictures of the spleens isolated at day 8 after infection from the indicated groups of mice in (B) are shown.
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mice 8 days after infection were similar to those of infected and un-
treated mice (Fig. 5C). Furthermore, mice administered with aspar-
agine lost the protective effect of ISRIB (fig. S5C). These results, 
together, demonstrate that both GSK2656157 and ISRIB act in vivo 
to inhibit the reprogramming of asparagine metabolism by GAS, 
which is essential for its pathogenesis.

GSK2656157 and ISRIB affect chemokine 
and cytokine response
To gain an initial understanding of the effect of GSK2656157 and 
ISRIB treatments on chemokine and cytokine response, we assessed 
the amounts of macrophage inflammatory protein 2 (MIP-2), 
interleukin-1 (IL-1), and IL-6 in soft tissue biopsies of mice. These 
immune mediators were implicated in tissue destruction during 
GAS invasive infections (46–50). We found that, in infected and 
untreated mice, MIP-2 amounts appeared the highest on day 6 after 
infection and declined to ~15% of their maximal amount on day 8. 
In GSK2656157-treated mice, MIP-2 amounts were significantly 
lower (P = 0.0079) on days 4 and 6 after infection and, on day 8 PI, 
sharply declined and became negligible (Fig. 6A). The administra-
tion of asparagine reverted MIP-2 amounts in GSK2656157-treated 
mice to that observed in untreated mice. IL-1 and IL-6 release 
trends were similar to those found for MIP-2 (Fig. 6, B and C). Like 
GSK2656157, ISRIB treatment decreased MIP-2, IL-1, and IL-6 
amounts, and its inhibitory effects were negated by providing mice 
with asparagine (fig. S6, A to C). These results demonstrate that an 
increased pro-inflammatory immune response from the host di-
rectly coincides with its ability to produce and supply GAS with as-
paragine during NF infection.

A therapeutic time window for post-infection treatment 
against GAS with ISRIB or GSK2656157
Because the diagnosis of NF at its early stages is far from trivial as 
symptoms can be ambiguous (51), we tested whether the treatment 
with ISRIB or GSK2656157 would be effective when given after in-
fection. To this end, we enumerated and compared soft tissue CFUs 
in three groups of mice, all of which were subcutaneously infected 
with 5 × 106 CFU of strain JS14. Group 1 (control) was treated with 
vehicle only [90% saline, 5% polyethylene glycol (PEG), and 5% di-
methyl sulfoxide (DMSO)]. Group 2 was pretreated subcutaneously 
with ISRIB 4 hours before bacterial infection, after which sub-
cutaneous and intraperitoneal injections were given alternately every 

12 hours until the sixth day. Group 3 was treated with ISRIB only 
12 hours after infection, after which subcutaneous and intraperito-
neal injections were given alternately every 12 hours until the sixth 
day. Pretreatment with ISRIB facilitated the reduction of soft tissue 
CFUs by about 103-fold on day 9 and more than 106-fold on day 11 
after infection than in the control group of mice (Fig. 7A). ISRIB 
treatment given after infection (group 3) enhanced GAS clearance 
by two to three orders of magnitude on days 9 and 11, compared to 
the control group (Fig. 7A). Both ISRIB pre-infection and post-​
infection administration had similar marked effects on lesion size 
progression and wound appearance. Lesions of treated mice were 
considerably smaller as observed already on day 2 after infection, 
suggesting that the wound healing process in ISRIB-treated mice 
was accelerated (Fig. 7, B and C). Similar results were obtained 
using GSK2656157 for pre- or post-treatment (fig. S7, A to C). 
These data indicate that ISRIB and GSK2656157 can cure NF in the 
murine model.

DISCUSSION
Host-directed therapies are a relatively new and promising approach 
for treating infectious diseases (52). Drugs targeting host processes 
may largely avoid the development of bacterial antibiotic resistance. 
However, these drugs may also have a generally increased risk for 
side effects by tilting the immune response toward collateral dam-
age. We did not observe this for PERK inhibitors and ISRIB in the 
murine model of human soft tissue infection. Nevertheless, the 
approval of PERK inhibitors and ISRIB for human use is still 
being assessed.

Previously, we showed that GAS increases asparagine availability 
by inducing ER stress, which up-regulates the transcription of as-
paragine synthetase in the infected host cell. Because GAS uses as-
paragine to alter its gene expression and control its proliferation 
rate (22), the goals of the present investigation were to decipher the 
precise signaling pathway that GAS uses to obtain asparagine from 
the host and test the effectiveness of inhibitors of this pathway as 
treatments against invasive GAS infections.

Asparagine synthetase basal activity in mammalian cells and tis-
sues is usually low. However, ATF4 strongly up-regulates asparagine 
synthetase transcription by binding to an enhancer element located 
in the corresponding gene promoter region (53). Here, we provide 
pharmacological evidence that UPR, through its PERK-eIF2-ATF4 

Fig. 6. GSK2656157 lowers the amount of lesional pro-inflammatory mediators. BALB/c mice were infected by subcutaneous administration of 5 × 106 CFU (a sub-
lethal dose) of strain JS14 and were then either untreated or treated with GSK2656157 or with GSK2656157 + Asn. (A to C) MIP-2 (A), IL-1 (B), and IL-6 (C) (pg/mg protein) 
in skin lesions of infected mice untreated or treated with GSK2656157 or with GSK2656157 + Asn (n = 5 per group). Assays by ELISA were conducted in duplicate. Data are 
means ± SD. Mann-Whitney U test, *P < 0.05; **P < 0.01.
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pathway, serves as the main arm of the ISR for inducing asparagine 
synthetase during GAS infection. The specific PERK inhibitors 
(GSK2606414 and GSK2656157) and ISRIB inhibited asparagine 
formation in various mammalian cells and in a murine human soft 
tissue GAS infection model. The inhibition was achieved in mam-
malian cells in a dose- and time-dependent manner, and exoge-
nously added asparagine annulled the inhibitory effect. Furthermore, 
we observed that GAS did not activate other UPR signaling branches 
(IRE1 and ATF6). Our results show that GAS explicitly targets the 
PERK-eIF2-ATF4 pathway to obtain asparagine from the host, 
and this process can be blocked by inhibitors acting along the sig-
naling pathway axis.

Neutrophils are an essential part of the host’s primary innate im-
mune defense against GAS infections (13, 44). NF characteristics 
are rapidly spreading inflammation and subsequent necrosis of the 
fascial planes and surrounding subcutaneous tissue. Histologically, 
NF is characterized by the destruction of soft tissue, a paucity of 
infiltrating neutrophils to the leading infection site where many 
Gram-positive cocci microcolonies are present (15, 21). The com-
parative immunohistological study of soft tissue from GSK2656157-
treated and untreated bacteria-infected mice showed that, on days 2 
and 4 after infection, GSK2656157-treated mice displayed a sub-
stantially enhanced neutrophil infiltration into the fascial zone 
filled with GAS bacteria. However, on day 2, the amounts of MIP-2 
were similar in both groups of mice.

Furthermore, on day 4, there was only a slight reduction in MIP-2 
in GSK2656157-treated mice. These findings demonstrate that MIP-2 
was not the limiting factor accountable for the difference in the abil-
ity of neutrophils to migrate to the site of infection. Neutrophil mi-
gration into infected and inflamed soft tissue is a complex process 
affected by multiple signals generated during the invasion of bacteria 
into sterile tissue sites (54). In addition, the infection microenviron-
ment may affect neutrophil lifespan, and with increased longevity, 
neutrophils can perform additional protective functions like modu-
lation of downstream adaptive immune responses or inflammation 
resolution through anti-inflammatory signaling (54). GSK2656157 

and ISRIB affect GAS virulence and proliferation rate, thus proba-
bly changing the infection microenvironment, perhaps making the 
bacteria more susceptible to killing by neutrophils. The ratio be-
tween bacteria and neutrophils in the tissue is critical for infection 
outcomes (55).

Successful host defense in GAS soft tissue infection requires a 
precise balance between the immune response and inflammation to 
avoid collateral host tissue damage, which may exacerbate the infec-
tion. Exaggerated inflammation is a hallmark of GAS invasive dis-
eases. Several studies, including a dual RNA sequencing analysis, 
demonstrated that chemokines like IL-8 and cytokines such as IL-1 
and IL-6 are strongly up-regulated during GAS soft tissue infections 
(46, 50, 56–58). Here, we show that GSK2656157 and ISRIB reduce 
the extent of the pro-inflammatory signals in a time-dependent man-
ner. Histopathological analyses showed that soft tissue of GSK2656157-
treated mice started healing by days 4 to 8 after infection. However, 
the soft tissue from control mice was heavily damaged. Thus, it is 
conceivable that, by increasing the GAS rate of multiplication and 
altering its expression of virulence factors, asparagine stimulates the 
host pro-inflammatory response, leading to tissue damage associated 
with GAS NF.

It has been demonstrated that streptolysin S activates nociceptor 
neurons and produces pain during infection. Nociceptors release 
the neuropeptide calcitonin gene–related peptide (CGRP) into 
infected tissues, inhibiting neutrophil recruitment and the opsono-
phagocytic killing of GAS (59). CGRP is produced by the adreno-
medullin 2 (ADM2) gene product that is proteolytically processed 
to biologically active multifunctional peptides (60). ATF4 controls 
the transcription of the ADM2 gene under ISR conditions, and this 
process can be blocked by ISRIB (61). Thus, we believe that ISRIB 
will alleviate the GAS pain response, further facilitating neutrophil 
recruitment for host defense.

The existence of a therapeutic window of time for treatment of 
GAS NF is critical (8, 10, 13, 15, 16). We showed that treatment of 
infected mice with ISRIB or GSK2656157 12 hours after infection 
successfully terminated the infection. Thus, it is reasonable to assume 

Fig. 7. ISRIB treatment is effective against GAS when given 12 hours after infection. 
BALB/c mice were infected by subcutaneous administration of 5 × 106 CFU (a sublethal 
dose) of strain JS14 and were either untreated, pretreated 4 hours before infection, or 
treated 12 hours after infection with ISRIB. (A) Data represent CFUs per gram of soft tissue 
derived from different groups of infected mice (n = 5 per group). Data are means ± SD. 
(B) Representative pictures of lesions in the groups of mice that are described in (A). 
(C) Lesion areas in untreated or ISRIB pretreated or 12-hour post-infection ISRIB–treated 
BALB/c mice (n = 5 per group) were measured using a digital caliper at different time 
points after JS14 infection. Data are means ± SD. Significant differences in (A) and (C) by 
Mann-Whitney U test, *P < 0.05; **P < 0.01; ***P < 0.001.
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that subcutaneous injection of 5 × 106 GAS CFU to 10- to 12-g mice 
tilts the balance between host defense and GAS virulence in favor of 
the latter. Nevertheless, ISRIB or GSK2656157 treatments are still 
valid at 12 hours after infection, suggesting that analogous com-
pounds may be valuable in clearing GAS human infections either 
alone or in combination with antibiotics and surgery.

In conclusion, UPR signaling plays an essential role in the mul-
tiplication and rapid spread of GAS from the skin into the fascia by 
inducing host-mediated asparagine release. Here, we show that pre-
venting asparagine release using PERK and ISR inhibitors slowed 
infection progression in a murine model of human NF and led to 
clearance of the infection. Furthermore, the inhibitors’ adminis-
tration may also be used as an adjunctive treatment to surgical 
debridement of infected tissue and antibiotic administration. In 
summary, we suggest that repurposing of host-directed drugs is a 
worthwhile avenue of clinical exploration to improve patient out-
comes in severe GAS infections where mortality is high despite con-
ventional prompt treatments.

MATERIALS AND METHODS
Study design
Our previous study’s findings showed that GAS causes ER stress 
upon adherence to host cells, resulting in the up-regulation of as-
paragine synthetase and increased asparagine production. In the 
current study, we set out to identify the UPR signaling pathway in-
volved in the GAS-induced generation of asparagine and to assess 
the efficacy of pathway inhibitors to cure GAS infection in a murine 
model of human NF. On the basis of earlier reports showing ATF4-
mediated asparagine release by the host cells, in vitro experiments 
such as fluorescence-activated cell sorting (FACS), real-time reverse 
transcription polymerase chain reaction (RT-PCR), and Western 
blotting were performed to explore the role of the PERK-eIF2-
ATF4 axis in GAS pathogenesis and to rule out the involvement of 
other arms of UPR signaling pathways using various pharmacolog-
ical inhibitors. GSK2606414/GSK2656157 (PERK inhibitors) and 
ISRIB (ISR inhibitor) were used to block the PERK-eIF2-ATF4 
pathway and, consequently, asparagine release by mammalian cells. 
Inhibition of asparagine release was determined through sil activa-
tion and rates of bacterial proliferation.

Female BALB/c OlaHsd mice, aged 3 to 4 weeks, were used for 
in vivo studies to examine the therapeutic efficacy of GSK2656157 
and ISRIB against GAS infection. Groups of subcutaneously GAS-
infected mice were either treated or untreated with inhibitors to 
evaluate survival, bacterial loads in tissue and spleen, lesion profile, 
and immunohistological studies at various post-infection stages. 
The possibility of a post-infection therapeutic window was also 
checked by the administration of ISRIB and GSK2656157 in mice 
12  hours after infection with GAS. The cohort size selection for 
mice experiments was decided on the basis of previous experiments 
performed in our laboratory.

Animals
Three- to 4-week-old female BALB/c OlaHsd mice weighing 10 to 
12 g were obtained from ENVIGO RMS (Israel Ltd.). Following the 
Hebrew University of Jerusalem’s ethical guidelines, all procedures 
were performed for humane handling, care, and treatment of re-
search animals (protocol number MD-18-15522-5). Mice were kept 
in disposable cages supplemented with enrichment, sterile regular 

food, water, and air supplied separately in each cage. All cages were 
placed in specific pathogen–free (SPF) conditions during the exper-
iment with controlled environmental conditions. The mice were 
left to acclimatize for 3 days, after which treatment groups of mice 
were randomized, and the littermates were evenly distributed in 
cages. Identification markings and shaving on dorsal flanks of al-
ready weighed mice were performed, and mice were infected. After 
infection, mice were given wet food and monitored based on vari-
ous parameters like body weight, activity, and fur and eye appear-
ance twice a day. As per the guidelines of the Institutional Animal 
Care Units of the Hebrew University’s School of Medicine, based on 
the parameters mentioned above, a scoring method was imple-
mented to decide humane endpoints where mice were euthanized 
according to ethically approved procedures.

In vivo soft tissue model
The murine model of human soft tissue infection with a lethal dose 
of bacteria was performed to determine mice survival, as detailed 
previously (21, 47). Briefly, GAS strains were cultured in THY me-
dium at 37°C and grown to OD600 (optical density at 600 nm) = 0.3 to 
0.4. Bacteria were then washed twice with sterile phosphate-buffered 
saline (PBS) and brought to a concentration of 1.5 × 108 CFU (JS14) 
or 2.5 × 108 CFU (5448) in 100 l, injected subcutaneously into the 
rear flank of mice. The actual bacterial inoculum was confirmed by 
counting CFU on blood agar plates of serially diluted final suspen-
sion. GSK2656157 (0.1 mg per mouse per injection) or ISRIB (35 g 
per mouse per injection) was administered subcutaneously 4 hours 
before bacterial infection, after which subcutaneous and intraperi-
toneal injections of the inhibitors were given alternately every 
12 hours after infection until the sixth day. Mice were monitored 
twice a day, and Kaplan-Meier survival curves were generated and 
analyzed for statistical significance using the log-rank test.

The efficacy of GSK2656157 and ISRIB against GAS infection 
was tested on mice injected with a sublethal dose (5 × 106 CFU) of 
GAS strain JS14 or 5448. Different groups of mice received 100 l of 
subcutaneous or intraperitoneal injections of GSK2656157 (0.1 mg 
per mouse per injection) or ISRIB (35 g per mouse per injection), 
asparagine (2.4 mg per mouse per injection), or vehicle (DMSO:PEG 
400, 1:1) twice a day for 6 days. In the post-treatment mice experi-
ment, GSK2656157/ISRIB was injected subcutaneously 12 hours after 
infection, followed by intraperitoneal and subcutaneous injections of 
GSK2656157/ISRIB alternately every 12 hours until the sixth day.

GAS (5448 or JS14) was grown as mentioned above for the CFU 
enumeration in skin and spleen samples. Mice were infected on the 
rear flank with a GAS sublethal dose and treated with GSK2656157 
(0.1 mg per mouse per injection) or ISRIB (35 g per mouse per 
injection) as mentioned above. At various time points, mice were 
euthanized by inhalation of isoflurane followed by cervical disloca-
tion, and skin and spleen samples were collected. Skin tissue from 
the injection site was collected using a punch biopsy tool (Acu-Punch, 
Acuderm Inc.), and spleen samples were excised and transferred to 
2-ml Eppendorf tubes containing 0.5 ml of sterile PBS. Tissues were 
homogenized, diluted, and plated on blood agar plates, and CFUs 
were counted after overnight incubation at 37°C. CFU counts were 
normalized to the weight of the soft tissue.

The dermonecrotic skin lesions were measured daily using a dig-
ital caliper (Bar Naor Ltd.) for the lesion area’s determination. The 
lesion area was calculated with the following formula: A  =  (/2)
(length)(width) (59).
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Cytokine measurement
Mice were infected subcutaneously with 5 × 106 CFU of JS14 in 100 l 
of sterile PBS on the rear flank. In addition, different groups of mice 
received 100 l of subcutaneous or intraperitoneal injections of 
GSK2656157, ISRIB, or vehicle, as mentioned above. After GAS in-
fection, mice were euthanized at indicated times, and soft tissue 
samples surrounding the lesion were harvested by punch biopsy. 
The samples were minced with scissors and homogenized in lysis 
buffer containing 10 mM tris-HCl (pH 7.8), supplemented with 1% 
NP-40, 150 mM NaCl, 40 mM EDTA, and cOmplete, Mini, EDTA-
free protease inhibitor cocktail tablet. The tissue samples were vor-
texed for 1 hour at room temperature and centrifuged at 17,000g for 
5 min. Supernatants containing chemokines and cytokines were 
collected and stored at −80°C. According to the manufacturer's 
protocol, the amounts of chemokine MIP-2 and the pro-inflammatory 
cytokines IL-1 and 1L-6 were quantified using Quantikine enzyme-
linked immunosorbent assay (ELISA) kits (R&D Systems). The 
amounts of chemokine and cytokine were normalized to the corre-
sponding samples’ total protein content, measured by Bradford 
protein assay (Bio-Rad Laboratories).

Statistical analysis
Statistical analysis was performed, and results were plotted using 
GraphPad Prism version 5 software. All values were represented as 
means ± SD/SEM. Data in bar graphs were analyzed by one-way 
analysis of variance (ANOVA) with Tukey post-test unless speci-
fied. Where indicated, the nonparametric Mann-Whitney U test 
and parametric unpaired one-tailed t test were used to analyze data. 
In all figures, P values were calculated to confirm the significance as 
follows: *P < 0.05; **P < 0.01; ***P < 0.001. For further details of 
statistical analysis, please refer to table S1.
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