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Introduction
Streptococcus pyogenes (group A streptococcus; GAS) is a significant human pathogen with extensive health 
and economic impact worldwide (1). Globally, GAS causes over 700 million infections each year, including 
600 million cases of  pharyngitis (1). Despite a century of  research, no licensed human vaccine is available 
(2–22). The human oropharynx is the primary site for GAS infection, and GAS is the leading cause of  bacte-
rial pharyngitis. However, current understanding of  GAS pathogenesis in the human oropharynx is limited.

High-throughput genome-wide screens using techniques such as signature-tagged mutagenesis (23) 
and transposon insertion site sequencing technologies (TIS-Seq, Tnseq, and transposon-directed inser-
tion sequencing [TraDIS]) (24–27) are powerful tools to study the genetic basis of  bacterial virulence. The 
results of  these types of  genetic studies can assist translational research efforts, including development of  
vaccines and therapeutics. Genome-wide transposon mutagenesis screens have been successfully used to 
identify novel GAS genes contributing to fitness in human blood and saliva ex vivo, in mouse subcutane-
ous infection, and in nonhuman primate (NHP) necrotizing myositis and female urogenital tract infection 
(28–33). However, a genome-wide investigation of  the GAS factors contributing to primate pharyngitis has 
not been conducted using transposon mutagenesis strategies.

Analysis of  GAS pathogenesis in the oropharynx requires an experimental infection model that faith-
fully recapitulates human pharyngitis. Mouse infection models have been used to study GAS pathogen-
esis and have yielded important information (34–38). However, the NHP pharyngitis model is the gold 

Streptococcus pyogenes (group A streptococcus; GAS) causes 600 million cases of pharyngitis 
annually worldwide. There is no licensed human GAS vaccine despite a century of research. 
Although the human oropharynx is the primary site of GAS infection, the pathogenic genes and 
molecular processes used to colonize, cause disease, and persist in the upper respiratory tract 
are poorly understood. Using dense transposon mutant libraries made with serotype M1 and M28 
GAS strains and transposon-directed insertion sequencing, we performed genome-wide screens 
in the nonhuman primate (NHP) oropharynx. We identified many potentially novel GAS fitness 
genes, including a common set of 115 genes that contribute to fitness in both genetically distinct 
GAS strains during experimental NHP pharyngitis. Targeted deletion of 4 identified fitness 
genes/operons confirmed that our newly identified targets are critical for GAS virulence during 
experimental pharyngitis. Our screens discovered many surface-exposed or secreted proteins 
— substrates for vaccine research — that potentially contribute to GAS pharyngitis, including 
lipoprotein HitA. Pooled human immune globulin reacted with purified HitA, suggesting that 
humans produce antibodies against this lipoprotein. Our findings provide new information about 
GAS fitness in the upper respiratory tract that may assist in translational research, including 
developing novel vaccines.
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standard experimental animal infection model for many reasons. First, GAS pharyngitis in cynomolgus 
macaques mirrors oropharyngeal disease in humans, and as a consequence we have successfully used this 
model for GAS molecular pathogenesis investigations for more than 20 years (39–47). Pharyngitis in cyno-
molgus macaques, like humans, follows a course of  initial colonization and proliferation, acute symptom-
atic disease, and chronic asymptomatic carriage and recovery (41). GAS-infected cynomolgus macaques 
have fever, decreased appetite, and an inflammatory response characterized by elevated levels of  segmented 
neutrophils, C-reactive protein, and cytokines (41). Second, certain GAS virulence factors are specific for 
human and NHP host molecules and have little or no activity against mouse homologs (48, 49). Third, the 
oropharynx of  NHPs is anatomically and physiologically similar to the human oropharynx. For example, 
like humans, NHPs have tonsils, whereas mice do not. Based on a clinically validated scoring method 
used in human children, GAS-infected monkeys develop tonsillitis and pharyngitis with erythema, ede-
ma, and exudate (Supplemental Figure 1; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.137686DS1) (50). Fourth, the NHP oropharynx also permits the recovery of  
a sufficient number of  bacterial cells from each animal to generate statistically valid results. Fifth, the 
NHP model permits interactions with intact host innate and acquired immune functions to be assessed. 
Taken together, cynomolgus macaques provide the most relevant animal experimental model for studying 
GAS-oropharyngeal interactions and bacterial fitness.

Here we report what is likely the first use of  the NHP pharyngitis infection model coupled with trans-
poson mutant screens to identify GAS genes that contribute to bacterial fitness in the primate oropharynx. 
Using saturated transposon mutant libraries that were generated in 2 genetically divergent GAS strains that 
represent common causes of  human pharyngitis and invasive infections, we identified potentially novel 
genes required for GAS fitness in pharyngitis. Our findings have extensive implications for translational 
research and vaccine development.

Results
Genome-wide screens identify GAS genes that contribute to fitness in an NHP pharyngitis model. We screened the 
M1 and M28 GAS transposon mutant libraries in the upper respiratory tract (URT) of  our NHP model to 
discover genes that contribute to GAS fitness during pharyngitis. For each screen, 6 cynomolgus macaques 
were infected in the URT with each transposon mutant library. As expected based on previous studies 
(40–47), all animals developed signs and symptoms mimicking human pharyngitis. Throat swabs were 
obtained from each animal at 24 hours postinfection. GAS cells recovered from the throat swabs collected 
constituted the output mutant pools. TraDIS was used to analyze the change in mutant composition of  the 
output bacteria pools relative to the input pools. Genes with a significantly decreased mutant frequency in 
the output mutant pools relative to the input mutant pools were regarded as potentially required for growth 
and persistence in the URT.

TraDIS identified 495 M1 GAS genes and 318 M28 GAS genes that contribute to GAS fitness in 
the primate oropharynx (Figure 1 and Supplemental Tables 1 and 2). In aggregate, 698 fitness genes 
were identified. These identified fitness genes encode many known GAS virulence factors, such as 
C5a peptidase (ScpA) (51, 52), streptococcal inhibitor of  complement (Sic) (53, 54), antiphagocytic 
M protein (55), secreted DNAses (Spd, Spd3, and SdaD2) (45, 56, 57), surface-exposed adhesins and 
invasins (SclA, Enn, serum opacity factor [Sof], Streptococcus pyogenes adhesion and division [SpyAD], 
and EftLSLB) (33, 58–63), and secreted toxins (SpeJ, SpeG, and SpyA) (49, 64) (Figure 1). A common 
set of  115 genes was found to be important for GAS fitness for both M1 and M28 organisms (Figure 
1 and Supplemental Table 3). These include genes encoding two-component regulator Irr-Ihk (65), 
stand-alone transcriptional regulator Mga (66), CAMP factor (67, 68), amino acid permease (M5005_
Spy0014) (32), streptococcal heme-associated protein (Shp) (69), and a putative ABC transporter 
(HitA, HitB, and HitC) (31) (Figure 1A). Recently, using the same M1 and M28 GAS transposon 
insertion mutant libraries and TraDIS, we identified 170 GAS genes that are required during NF and 
myositis in NHPs (32). Comparing the GAS fitness genes required in the URT and during NF showed 
that 62 genes are important in both environments (Figure 1B). These include genes encoding SpyAD 
(62), zinc transporter regulator AdcR (70), peroxide regulator PerR (71), and the ScfAB permease that 
has been shown to contribute to GAS soft tissue infection (31). Of  note, Irr-Ihk two-component reg-
ulators, permease Spy0014, and ABC transporter HitABC were identified as important for both URT 
infection and NF (Figure 1B).
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Validating the contribution of  4 loci to GAS fitness in the NHP oropharynx. To confirm the TraDIS screen 
results in vivo, we validated the role of  4 gene loci identified by our screen as promoting GAS survival in 
the NHP oropharynx — Spy0014 (putative amino acid permease), hitABC (putative ABC efflux pump), irr-
ihk (two-component system), and shp (streptococcal heme-associated protein) (Figure 2A). Targeted gene 
deletion was used to generate isogenic mutant strains ΔSpy0014, ΔhitABC, Δirr-ihk, and Δshp. None of  the 
isogenic gene deletion mutant strains had a significant growth defect in rich culture medium (THY) (Figure 
2B). We infected 4 NHPs with parental WT M1 strain MGAS2221 and each isogenic gene deletion mutant 
strain (ΔSpy0014, ΔhitABC, Δirr-ihk, and Δshp) in the URT. Compared with the WT parental strain, each 
mutant strain was significantly less able to survive and persist in the URT (Figure 2, C and D). Relative to 
the WT parental strain, significantly fewer CFU of  each isogenic mutant strain were recovered from the 
NHP oropharynx (Figure 2, C and D).

Growth of  isogenic gene deletion mutant strains in human saliva, serum, and whole blood ex vivo. To better 
understand the role of  the validated genes in pathogen-host interactions, we compared the growth of  the 
WT parental and isogenic gene deletion mutant strains ΔSpy0014, ΔhitABC, Δirr-ihk, and Δshp in human 
saliva. This body fluid is ubiquitous in the human oropharynx and is the first substance GAS encounters 
in the URT. Compared with the WT parental strain, none of  the isogenic mutant strains had a significant 
growth defect in human saliva (Figure 3A).

To next test the hypothesis that these genes may contribute to GAS fitness in the URT by interacting 
with innate host immune functions, we examined the growth of  the WT and isogenic mutant strains in 
human serum and human whole blood ex vivo. We found that the isogenic mutant strain ΔSpy0014 had a 
significant growth defect in both human serum and human whole blood (Figure 3, B and C).

Spy0014 encodes a unique amino acid permease that affects GAS virulence and SpeB protease activity. Spy0014 encodes 
an inferred amino acid permease, and our previous studies suggest it participates in histidine acquisition (32). 
Our results here suggested this permease is crucial for GAS fitness in the NHP URT (Figure 2). To study the 
virulence role of Spy0014, we examined the production of major GAS virulence factors made by the isogenic 
ΔSpy0014 deletion mutant strain. Compared with the WT parental strain MGAS2221, the ΔSpy0014 mutant 
strain had no significant difference in the production of virulence factors NADase and streptolysin O (data 
not shown). However, this mutant strain had significantly decreased SpeB protease activity (Figure 4). Western 
immunoblotting showed that the SpeB protein was made, but the maturation of the zymogen to the mature 
secreted protease was decreased in the ΔSpy0014 mutant strain. Complementing this mutant strain with the 
Spy0014 gene (with its native promoter) in trans restored WT protease activity and SpeB maturation (Figure 4).

Figure 1. TraDIS analysis of GAS genes contributing to primate URT infection. (A) Comparison of M1 and M28 GAS 
genes contributing to fitness in the NHP URT. (B) Comparison of GAS genes required in the NHP URT and those 
important for NHP necrotizing fasciitis (NF). Representative fitness genes assigned to each category are shown. Genes 
selected for further validation and investigation are highlighted in red.
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To study whether other GAS amino acid transporters also affect SpeB activity, we examined the pro-
tease activity made by the branched-chain amino acid transporter mutant ΔbraB and the methionine trans-
porter mutant ΔmetQNP (32). In contrast to the results observed for the ΔSpy0014 mutant strain, these 
2 amino acid transporters had no significant decrease in SpeB protease activity (Figure 4). Collectively, 
these results supported that Spy0014 is a unique amino acid permease that contributes to the virulence 
and SpeB protease activity of  GAS.

Irr-Ihk two-component system protects GAS against killing by adherent polymorphonuclear leukocytes. Previous 
studies suggested the response regulator Irr contributes to evasion of  GAS from host innate immunity 
(65, 72). We examined the effect of  deleting both irr and ihk on GAS susceptibility to killing by human 
polymorphonuclear leukocytes (PMNs). There was no significant difference in survival between the WT 
parental strain and the Δirr-ihk deletion mutant strain during interaction with PMNs in suspension (Figure 
5A), a finding consistent with our data for GAS survival in human blood (above). In striking contrast, the 
Δirr-ihk deletion mutant strain was significantly less able to survive when phagocytosis was synchronized 
and bacteria were exposed to adherent PMNs, compared with the WT strain (Figure 5B).

Restricted distribution of  the hitABC transporter genes in streptococcal species and translational implication of  
HitA. The ABC transporter genes hitABC contributed significantly to GAS pharyngitis in NHPs (Figure 2). 
Nucleotide BLAST (http://www.ncbi.nlm.nih.gov/blast/) results using publicly available genome sequenc-
es found that close homologs of  these ABC transporter genes are present in only 4 additional streptococcal 
species, namely Streptococcus dysgalactiae subspecies equisimilis (SDSE), Streptococcus sanguinis, Streptococcus 
cristatus, and Streptococcus gordonii (Figure 6A). Interestingly, each of  these organisms also colonizes the oro-
pharynx of  humans (73–75). Further, as with GAS, homologs of  hitABC in these 4 streptococcal species 
are located adjacent to a two-component system locus with homology to irr and ihk (Figure 6A). Previous 
studies suggest that substrate-binding lipoprotein encoded by hitA (HitA) is a surface-displayed protein (76). 
As the first step toward understanding whether HitA may be a viable vaccine target, we overexpressed and 

Figure 2. Validation of the contribution of Spy0014, hitABC, irr-ihk, and shp to GAS fitness in the primate URT. (A) 
Schematic showing the gene neighborhood of the studied loci, with the deleted regions of each isogenic mutant strain 
noted. Also shown are transposon insertion sites of each gene determined by TraDIS. Red vertical spikes are forward reads; 
blue vertical spikes are reverse reads. Read orientations indicate the direction of the transposon insertion. (B) Growth of the 
isogenic gene deletion mutant strains in rich medium THY. (C and D) Significantly decreased ability of the isogenic mutant 
strains to colonize the NHP URT, compared with WT parental strain MGAS2221. P values for CFU recovery were determined 
across the 14-day experiment by 2-way ANOVA with correction for multiple comparisons by the method of Benjamini, Krieg-
er, and Yekutiel. Data are presented as the mean ± standard error of the mean of 4 experiments.
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purified the recombinant proteins HitA and FhuD, a known GAS surface-displayed protein (77) (Figure 6B). 
Western immunoblot analysis showed that pooled human immune globulin reacts with HitA and FhuD, but 
not with the control protein, BSA (Figure 6C). These results suggest that humans produce specific antibodies 
against HitA. Further investigations are needed to address whether antibodies against HitA elicit protection 
against GAS infections in the primate URT.

Discussion
In this study, we performed the first genome-wide transposon mutagenesis screens designed to discover 
GAS genes that contribute to pharyngitis in primates. Our screens identified many genes previously not 
known to contribute to GAS fitness in the primate URT and thereby help fill a critical knowledge gap in our 
understanding of  this disease that affects an estimated 600 million people annually (1).

Our TraDIS screens identified many proven and putative secreted virulence factors that are potentially 
important for GAS URT infection (Figure 1A). Some of  the secreted proteins have already been consid-
ered vaccine candidates (78). These include M protein (emm1) (79, 80), streptococcal C5a peptidase (scpA), 
serum opacity factor (sof) (81), and SpyAD (spyAD). Importantly, we recently reported that SpyAD is also 
crucial for GAS virulence during necrotizing myositis and female genital tract infections in NHPs (32, 33). 
The critical roles in multiple infection models suggest SpyAD could be an attractive vaccine target (62, 82). 
Further investigations are needed to test whether immunizing NHPs with proteins we identified in this 
study could evoke protective immunity against GAS pharyngitis.

Some transposon mutagenesis screens using animal models harvest a whole organ or whole lesion as a 
strategy to recover large numbers of  mutants in the output pool (31, 32, 83–87). As an alternative strategy, 
which does not require the animal to be sacrificed, we collected and pooled 10 swabs from the posterior oro-
pharynx of  each animal. We used an identical 10-swab strategy in our recent successful cynomolgus macaque 
female genital tract TraDIS study (33). The high number of  recovered CFU indicates that the output mutant 
pools are likely representative of  the in vivo condition. That said, we acknowledge it is of  course possible that 
not every mutant will be represented in the output pool. Regardless, validating the genome-wide screen results 
using isogenic gene deletion mutant strains is useful for individual genes that are of  particular interest.

Figure 3. Growth of GAS strains in human body fluids. Growth of the WT parental strain MGAS2221 and the isogenic 
gene deletion mutant strains in human saliva (A), human serum (B), and human whole blood (C). *P < 0.05 determined 
by 1-way ANOVA. Data are presented as the mean ± standard deviation of the mean of 4 experiments.

https://doi.org/10.1172/jci.insight.137686
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To validate our screen results, we examined the virulence role of  4 loci using isogenic gene deletion 
mutant strains. We showed that compared with the WT parental strain, isogenic mutant strains (ΔSpy0014, 
ΔhitABC, Δirr-ihk, and Δshp) were significantly less able to initiate infection and grow to high numbers of  
CFU during the 14 days of  infection, thereby validating the TraDIS screen result (Figure 2, C and D). 
Consistent with our previous observations, the growth of  WT GAS strain reaches a peak on day 7 in the 
NHP URT (47). Interestingly, for some mutant strains (Δirr-ihk and Δshp), the change of  CFU is somewhat 
consistent with the WT strain (Figure 2D). Although the CFU are lower than the WT, the growth of  these 
mutant strains also peaks on day 7 (Figure 2D). A previous longitudinal analysis of  GAS pharyngitis 
using the URT model and 20 NHPs identified 3 phases of  infection: colonization phase, acute phase, and 
asymptomatic phase (41). The acute phase starts after day 5 and key infection indicators, such as C-reactive 
protein, pharyngitis values, and GAS CFU, peak during this period (41). It is possible that mutant strains 
such as Δirr-ihk and Δshp could still cause acute phase infection, but they are significantly less fit than the 
WT strain in the URT and therefore cannot grow to high CFU. The molecular basis of  GAS acute phase 
infection warrants further investigations.

A key finding of  our study is that the putative amino acid permease Spy0014 contributes to GAS infec-
tion in the NHP URT. Our previous study suggests that Spy0014 participates in the acquisition of  histidine 
(32), consistent with the idea that acquisition of  amino acids from the host is crucial for GAS fitness in the 
URT. However, Spy0014 is not required for optimal GAS growth in human saliva ex vivo, the first envi-
ronment GAS encounters during URT infection (Figure 3A) (30). In contrast, this gene is crucial for GAS 
growth in human serum and whole blood, which are more nutrient rich than saliva and contain bactericidal 
components, such as complement proteins and white blood cells (88–91). These results suggest nutrient 
acquisition may not be the only role of  Spy0014. Importantly, we also found that Spy0014 is required for 
proper maturation of  SpeB cysteine protease, a key virulence factor of  GAS that is known to inhibit com-
plement activation and neutrophil opsonophagocytosis (47, 48). We think it likely that the contribution of  
Spy0014 to GAS fitness and pathogenesis during pharyngitis is multifaceted. We also note that speB was 
not identified by TraDIS screens as required for GAS fitness during URT infection. This result is expected 
because the nature of  the TraDIS screen is mixed infection with a large population with many distinct 
mutant strains, most of  which will have an intact and functional speB gene. In this setting, mutant strains 
can be “trans-complemented” by secreted products made by the WT-like strains.

PMNs are a key component of  innate immunity against GAS infections (65). Compared with the WT 
parental strain, the isogenic mutant strain lacking the Irr-Ihk two-component regulatory system is signifi-
cantly attenuated in resisting the killing by adherent PMNs that are adherent to 96-well plates precoated 
with human serum. However, relative to the WT strain, this mutant is not attenuated in ability to resist 
killing by PMNs in suspension. In line with this observation, we found that Irr-Ihk is not required for GAS 
growth in human whole blood (Figure 3B). These observations may shed light on the virulence role of  the 
Irr-Ihk two-component system. It is well documented that PMNs that migrate from the blood and attach 

Figure 4. Spy0014 contributes to maturation of GAS cysteine protease SpeB. (A) SpeB protease activity of the 
isogenic Spy0014 deletion mutant strain and the complemented mutant strain (C-Spy0014). (B) Western immunoblot 
showing the extent of SpeB maturation in the WT parental strain, the Spy0014 deletion strain, and the complemented 
mutant strain. SpeB-Z, immature zymogen. SpeB-M, mature protease. (C) Contribution of amino acid transporters to 
GAS SpeB protease activity. *P < 0.05 determined by 1-way ANOVA. Data are presented as the mean ± standard devia-
tion of the mean of 3 experiments.
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to surfaces are phenotypically very different from PMNs in circulation (92–97). For example, PMNs that 
are adherent to biological surfaces are primed for enhanced function in response to subsequent stimuli and 
thus have significantly increased phagocytosis (96, 97). It is possible that the Irr-Ihk two-component system 
contributes to GAS virulence during pharyngitis by resisting the killing of  activated PMNs adherent to 
the retropharyngeal or other epithelial cell surfaces. PMNs adherent to the serum-coated plates may better 
recapitulate the physiological state of  upper respiratory PMNs during GAS pharyngitis.

We discovered that a poorly characterized ABC transporter, HitABC, contributes significantly to GAS 
fitness during experimental NHP pharyngitis (Figure 2). The 3 genes encoding this ABC transporter (hitABC) 
are located immediately upstream of irr and ihk that encode a two-component regulatory system (TCS) (Fig-
ure 4). The Irr-Ihk TCS is known to contribute to virulence by protecting GAS from neutrophil-mediated 
killing, although the exact mechanism is not known (49, 50). Importantly, our data show that Irr-Ihk also 
contributes to GAS fitness during pharyngitis (Figure 2). It is unclear whether the HitABC transporter and the 
Irr-Ihk two-component system are functionally related. Interestingly, transcriptomic analysis suggests polycis-
tronic expression of  hitABC and irr-ihk (51). Further, we showed previously that hitABC and irr-ihk are both 
upregulated when GAS is exposed to human whole blood ex vivo and during NHP necrotizing myositis in 
vivo (52). The polycistronic expression and upregulation of  these genes in whole blood and during necrotizing 
myositis suggest that HitABC and Irr-Ihk might be functionally related. In line with this idea, we reported 
that hitABC and irr-ihk are both crucial for GAS virulence in an NHP model of  necrotizing myositis (32, 98). 
Because the Irr-Ihk TCS contributes to GAS’s ability to resist being killed by neutrophils and neutrophil-de-
rived antimicrobial peptides (72), further functional studies are needed to determine whether the HitABC 
transporter serves as an efflux pump for neutrophil-derived antimicrobial peptides.

Although the exact function of  the HitABC transporter in GAS is unknown, we found that close 
homologs of  this ABC transporter are present only in SDSE, Streptococcus sanguinis, Streptococcus cristatus, 
and Streptococcus gordonii. Each of  these species colonizes the human oropharynx (43–45). Interestingly, in 
these species, homologs of  hitABC are also located contiguous with genes encoding a two-component sys-
tem with homology to ihk and irr, suggesting a functional connection between this ABC transporter and the 
Irr-Ihk system. It would be useful to determine whether homologs of  hitABC also contribute to oropharyn-
geal colonization of  SDSE, an emerging human pathogen with a disease spectrum similar to that of  GAS 
(53). The hitA gene encodes the inferred substrate-binding lipoprotein of  the HitABC transporter. HitA is a 
proven GAS surface-displayed protein (76) that may be useful as a vaccine or therapeutic target. Consistent 
with this idea, Western immunoblot analysis of  purified recombinant proteins (Figure 4) showed pooled 
human immune globulin is reactive with HitA and FhuD, indicating that antibodies arise during strepto-
coccal infection or colonization.

Using an isogenic mutant strain and the NHP model of  infection, we showed the significant con-
tribution of  the shp gene to GAS URT infection (Figure 2D). Shp, which is an essential component of  
GAS heme uptake machinery, is encoded by shp (99). Host heme is the key iron source for bacterial 
pathogens, and iron acquisition is essential for the growth and virulence of  GAS (100–104). Thus, it 
is not unexpected that shp is required for GAS URT infection. However, we note that the shp deletion 

Figure 5. Irr-Ihk two-component system protects against killing by adherent human PMNs ex vivo. Killing of WT 
and irr-ihk–knockout GAS strains by human PMNs in suspension (A) or adherent cells (B). *P ≤ 0.02 using a paired 
2-tailed t test (Prism 7 for Windows, GraphPad Software, Inc); ns, not significant. Data are presented as the mean ± 
standard error of the mean of 4 (A) or 6 (B) separate experiments as indicated.
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strain is not significantly impaired for growth in human saliva, human whole blood, or serum ex vivo. 
It is well established that during infection, the innate immune system reduces the free iron in the host 
by increasing the level of  ferric-binding proteins in the serum and releasing apo-lactoferrin into the 
infection site (105–109). Therefore, heme acquisition is crucial for many bacterial pathogens during 
infection. However, because the human saliva, whole blood, and serum we used for ex vivo growth 
assays was collected from healthy donors with no infection, the free iron in these body fluids might be 
adequate for the growth of  GAS. The critical role of  Shp-mediated heme acquisition might be bypassed 
in these settings. Shp is located on the bacterial cell surface and is accessible to specific antibodies raised 
against the purified recombinant Shp (69). Therefore, Shp was considered a viable vaccine target. In 
this regard, immunization with Shp protein was reported to protect mice from GAS skin and systemic 
infections (103). Since shp is required for the fitness of  GAS in the primate URT, it would be of  interest 
to study whether immunization with Shp could evoke protection against GAS URT infection.

To summarize, we screened transposon mutant libraries made in serotype M1 and M28 GAS 
strains for genes contributing to fitness in the URT tract of  NHPs, the gold standard model of  phar-
yngitis. These 2 M protein serotypes of  GAS are commonly among the top 5 M types responsible for 
human pharyngitis in many countries surveyed (1). NHP infection with each of  the 4 isogenic mutant 
strains confirmed the crucial contribution of  the GAS genes identified by the TraDIS screens. Our 
findings provide extensive new information about the genes that contribute to GAS fitness in the URT 
of  primates. This research also complements work conducted with other transposon mutant screens, 
including those designed to identify GAS genes contributing to growth in vitro, human saliva and 
blood ex vivo, and animal (mouse and NHP) models of  soft tissue infection, muscle infection, and gen-
ital tract infection (29–33). The discoveries presented herein may ultimately lead to better prevention 
and treatment of  GAS pharyngitis.

Figure 6. Distribution of hitABC transporter genes in streptococcal species and immunoreactivity of recombi-
nant HitA. (A) Distribution of the hitABC transporter genes and the adjacent irr-ihk two-component regulatory 
genes in other streptococcal species (Streptococcus dysgalactiae subspecies equisimilis [SDSE] strain GGS124, 
Streptococcus sanguinis strain SK36, Streptococcus cristatus strain NCTC12479, and Streptococcus gordonii strain 
NCTC7868). Percentages refer to amino acid identities compared with proteins made by serotype M1 GAS refer-
ence strain MGAS2221. (B) SDS-PAGE gel showing the purified recombinant GAS lipoproteins HitA and FhuD. BSA 
was added as a control. (C) Immunoreactivity of purified HitA and FhuD with pooled human immune globulin.
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Methods
Bacterial strains. Strain MGAS2221 is genetically representative of  a virulent serotype M1 GAS clone 
that arose in the 1980s and spread rapidly worldwide to cause pandemic pharyngitis and invasive infec-
tions (42). Strain MGAS27961 is genetically representative of  a serotype M28 clone that is prevalent 
in the United States and elsewhere (110). Each of  the 2 strains has WT alleles of  all major transcrip-
tional regulators known to affect virulence, such as covR and covS, ropB, mga, and rocA. These 2 GAS 
strains were used as parental strains for generating transposon insertion mutant libraries and subse-
quent isogenic mutant strains.

Transposon insertion mutant libraries and culture conditions. The mutant libraries generated in serotype 
M1 strain MGAS2221 and M28 strain MGAS27961 using transposon plasmid pGh9:ISS1 were recently 
described (30, 111). The strains were grown in Todd-Hewitt broth supplemented with 0.2% yeast extract 
(THY) with 0.5 μg/mL erythromycin.

Preparation of  transposon mutant library frozen stocks for NHP infection. The transposon mutant library stock 
culture (100 μL, serotype M1 or M28 GAS library) was inoculated into 500 mL THY supplemented with 
0.5 μg/mL erythromycin and cultured at 37°C for 8 hours. Bacteria in the expanded transposon library 
were pelleted by centrifugation, washed 3 times with PBS, and suspended in 20 mL PBS supplemented 
with 20% glycerol. The suspended mutant library was aliquoted into cryogenic tubes (1 mL/tube) and 
stored at –80°C until use in NHP infections.

NHP pharyngitis infection model used for TraDIS analysis. Cynomolgus macaques (2.8 to 6.5 years of  age, 
2.9 to 3.5 kg of  body weight) were used for the study. The animals used for the initial fitness screen and for 
mutant validation were GAS culture negative, and they had negligible anti–streptolysin O titers, suggesting 
they had no recent history of  GAS exposure. The animals used in this study were not used in earlier studies. 
For the input mutant library pool of  each M protein serotype strain, 6 NHPs were infected in the orophar-
ynx with 1010 CFU. To infect the posterior oropharynx, animals were sedated with ketamine and held in a 
semisupine position (approximately 45° angle relative to the examination table) with the head tilted back to 
align the nasopharynx, posterior oropharynx, and URT. The 1-mL GAS inoculum was slowly instilled from 
a needleless syringe by dripping into the bilateral nares. The fluid was inhaled into the respiratory tract by 
the animal’s natural breathing movements. The veterinary team confirmed GAS uptake by direct observa-
tion and palpation of  swallowing during the instillation. At 24 hours postinoculation, signs and symptoms 
of  GAS disease were confirmed by measuring vital signs and observing the posterior oropharynx (Supple-
mental Figure 1). Output mutant pools were collected by throat swabs at 24 hours postinfection. Ten throat 
swabs per animal were collected. Briefly, for each swab, 2 circumferential sweeps around the posterior oro-
pharynx and tonsils were done. All 10 swabs from each animal were immersed in the same 40 mL of  THY 
containing 0.5 μg/mL erythromycin (used to inhibit growth of  non-GAS bacteria). To recover the output 
mutant pools, swabs in THY were cultured at 37°C for 8 hours. GAS cells were pelleted by centrifugation, 
washed with PBS, and suspended in 2 mL of  PBS with 20% glycerol. Output mutant pools were stored at 
–80°C for subsequent TraDIS analysis. All animal studies were approved by the Institutional Animal Care 
and Use Committee at Houston Methodist Research Institute (protocol AUP-1217-0058).

DNA preparation and massively parallel sequencing. The mutant library genomic DNA preparation and 
DNA sequencing were performed according to procedures described previously for TraDIS analysis (30, 
111). The PCR-amplified libraries were sequenced with a NextSeq550 instrument (Illumina) using a 
single-end 75-cycle protocol.

Processing of  TraDIS sequencing reads and data analysis. Processing of  TraDIS sequencing reads and data 
analysis were performed according to previously described procedures (30). Briefly, the multiplexed raw 
Illumina reads obtained from the input and output mutant pools were parsed with FASTX Barcode Split-
ter (http://hannonlab.cshl.edu/fastx_toolkit/commandline.html). The resulting demultiplexed sequenc-
ing reads were analyzed with the TraDIS toolkit (27). tradis_comparison.R was used to compare the reads 
mapped per gene between the input pools and the output pools. GAS genes with significantly altered mutant 
frequency (log2 fold change greater than 1 or less than –1, and P value less than 0.05) in the output mutant 
pools were interpreted as contributing to GAS fitness.

Isogenic mutant strain construction. Isogenic deletion mutant strains were constructed from WT 
parental strain MGAS2221, the organism used for construction of  the serotype M1 transposon mutant 
library. Methods used to construct and confirm isogenic mutant strains ΔSpy0014, ΔhitABC, and Δirr-ihk 
were described in our previous studies (32). Complementation of  Spy0014 in trans was performed by 
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introducing the Spy0014 gene and its native promoter into strain ΔSpy0014. Briefly, primers Spy0014-
fwd and Spy0014-rev (Supplemental Table 4) were used to amplify a DNA fragment containing Spy0014 
and its promoter. The amplicon was cloned into plasmid pDC123 and transformed into mutant strain 
ΔSpy0014 to generate the complemented strain C-Spy0014. Δshp was constructed by allelic exchange 
using procedures previously described (47). Briefly, primer sets shp-1/2 and shp3/4 (Supplemental 
Table 4) were used to amplify 2 DNA fragments flanking the shp gene. The 2 amplicons were cloned 
into suicide vector pBBL740 and then transformed into parental strain MGAS2221. Allelic exchange 
was accomplished by passaging the plasmid integrant onto nonselective agar. The genome of  all mutant 
strains was sequenced to rule out introduction of  spurious mutations.

Infection of  NHPs in the URT with isogenic mutant strains. To confirm the fitness role of  candidate genes 
in the NHP oropharynx, and thereby validate the TraDIS screen data, the virulence of  the WT parental 
strain MGAS2221 and the 4 isogenic deletion mutant strains was assessed in the NHP pharyngitis infection 
model. Animals randomly assigned to different strain treatment groups were inoculated in the URT with 
108 CFU of  1 strain (i.e., WT or isogenic mutant). Each strain was tested in 4 NHPs.

Growth of  GAS strains in human saliva, whole blood, and serum. GAS saliva growth assay was performed 
using pooled saliva from 5 healthy donors as previously described (30, 112). The growth and persistence of  
GAS strains were monitored for 6 days. Growth of  GAS in human blood was performed using a previously 
described method (29), with whole blood collected from 4 healthy donors. To assess GAS growth and per-
sistence in human serum, 104 CFU/mL of each GAS strain was inoculated into pooled human serum (Milli-
poreSigma) and incubated at 37°C for 8 hours. Aliquots of  each tube were taken at indicated time points (Fig-
ure 3B) and were diluted and plated on THY agar plates. GAS colonies were enumerated the following day.

SpeB protease activity assay. SpeB protease activity assay was performed by stabbing GAS strains into 
trypticase soy agar–milk agar plates (113). SpeB protease activity was analyzed by measuring the casein 
hydrolysis zone following an overnight incubation at 37°C.

Western immunoblot analysis of  SpeB. Western immunoblot assessment of  SpeB production and matura-
tion was performed as previously described (114). Briefly, GAS strains were grown to stationary phase and 
pelleted by centrifugation. The cell-free culture supernatant was collected and used for Western immuno-
blot. Equal volumes of  the samples were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, 
and probed with polyclonal anti-SpeB rabbit antibodies (from M. Kumaraswami, Houston Methodist 
Research Institute and  Houston Methodist Hospital, Houston, Texas, USA; ref. 115).

Expression and purification of  recombinant proteins HitA (Spy1728) and FhuD (Spy0323). Recombinant GAS 
lipoproteins HitA and FhuD were expressed in Escherichia coli (E. coli) without the secretion signal sequences. 
Briefly, primer sets hitA-1/2 and fhuD-1/2 were used to amplify the HitA and FhuD genes using genomic DNA 
from strain MGAS2221. The amplicons were cloned between the NdeI and XhoI restriction sites of plasmid 
vector pET28a (Novagen) and transformed into E. coli strain BL21. Overexpression of the recombinant pro-
teins was accomplished by inducing BL21 cells with 0.5 mM isopropyl-β-d-thiogalactopyranoside grown at 
20°C for 16 hours. To purify the recombinant proteins, E. coli cells were lysed with a French press, and the sol-
uble fraction of the lysate was loaded onto a 5-mL HisTrap FF column (GE Healthcare) and eluted with a 20 
to 500 mM imidazole gradient in the lysis buffer. Fractions containing the recombinant proteins were pooled, 
concentrated with an Amicon concentrator unit (MilliporeSigma), and further purified by gel filtration chro-
matography. The purity of each protein was more than 90% based on SDS-PAGE analysis (Figure 4).

Western immunoblot analysis of  recombinant proteins. Western immunoblot analysis was performed as pre-
viously described (78). Briefly, purified recombinant proteins were resolved by SDS-PAGE and transferred 
to nitrocellulose membranes. After blocking, the membrane was probed with pooled human immune glob-
ulin (0.2 μg/mL, Grifols) followed by goat anti–human IgG horseradish peroxidase–conjugated secondary 
antibody (1721033, Bio-Rad, diluted at 1:4000).

GAS-PMN assays. Human PMNs were isolated from heparinized venous blood using a published meth-
od (116). GAS from a frozen stock was cultured overnight in THY broth and then subcultured to the early 
exponential phase of  growth (OD600 ~0.2) for use. For assays performed with PMNs in suspension, GAS 
(106 CFU) was combined with 106 PMNs in RPMI 1640 buffered with 10 mM HEPES with 10% human 
serum in a 1.5-mL tube (600 μL final volume). PMNs were omitted from tubes for time-matched control 
assays. Assay tubes were rotated gently for 1 or 3 hours, at which time PMNs were lysed in H2O (pH 11), 
and aliquots of  each tube were diluted and plated on THY agar plates. GAS colonies were enumerated the 
following day, and percentage of  survival was determined with the equation: GAS+PMN / GAS–PMN × 100.
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Alternatively, assays were performed with adherent PMNs using a published method to synchronize 
phagocytosis (65). Briefly, serum opsonized GAS (106 CFU, preopsonized with 50% autologous human 
serum for 20 minutes at 37°C) was combined with 106 PMNs (200 μL final volume) in a 96-well flat-bottom 
culture plate that had been precoated with 20% human serum for 1 hour. Samples were centrifuged gently 
at 450 g for 5 minutes at 4°C to synchronize phagocytosis. Plates were transferred to 37°C for 1 or 3 hours, 
and phagocytosis was terminated with addition of  cold saponin (0.1% final solution). Samples were diluted 
in H2O (pH 11) and aliquots plated on THY agar plates. Colonies were enumerated the following day, and 
percentage of  survival was determined as described above.

Statistics. Results of  CFU recovery from NHPs are expressed as mean ± SEM, with statistically 
significant differences determined by 2-way ANOVA with correction for multiple comparisons by the 
method of  Benjamini, Krieger, and Yekutiel. Results of  GAS-PMN assays are presented as the mean ± 
standard error of  the mean of  4 experiments. Statistically significant differences were determined using 
a 2-tailed Student’s t test. Results of  SpeB protease activity are expressed as mean ± standard deviation, 
with statistically significant differences determined by 1-way ANOVA. A P value of  less than 0.05 was 
considered statistically significant.

Study approval. For studies with human PMNs, venous blood was obtained from healthy volunteers in 
accordance with a protocol (01-I-N055) approved by the Institutional Review Board for human subjects, 
NIH. All volunteers provided informed consent before participation in the study. Studies with human sali-
va, serum, and whole blood were performed in accordance with Houston Methodist Research Institute 
protocols PRO00003833 and PRO00004933. All animal studies were approved by the Institutional Animal 
Care and Use Committee at Houston Methodist Research Institute (protocol AUP-1217-0058).
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