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Summary

Group A Streptococcus (GAS) remains a top 10 deadliest human pathogen worldwide despite its 

sensitivity to penicillin. Although the most common GAS infection is pharyngitis (strep throat), it 

also causes life-threatening systemic infections. A series of complex networks between host and 

pathogen drive invasive infections, which have not been comprehensively mapped. Attempting to 

map these interactions, we examined organ-level protein dynamics using a mouse model of 
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systemic GAS infection. We quantified over 11000 proteins, defining organ-specific markers for 

all analyzed tissues. From this analysis, an atlas of dynamically-regulated proteins and pathways 

was constructed. Through statistical methods, we narrowed organ-specific markers of infection to 

34 from the defined atlas. We show these markers are trackable in blood of infected mice, and a 

subset has been observed in plasma samples from GAS-infected clinical patients. This proteomics-

based strategy provides insight into host defense responses, establishes potentially useful targets 

for therapeutic intervention, and presents biomarkers for determining affected organs during 

bacterial infection.

eTOC blurb:

Group A Streptococcus (GAS) pathogenesis has largely been studied from a bacterial-centric 

perspective. Utilizing multiplexing proteomics, we characterize organ specific and systemic 

responses to infection from a host-centric perspective. Analysis of clinical blood samples suggest a 

potential application for the identified biomarkers to diagnose the site of GAS infection.

Graphical Abstract

Keywords

Multiplexed proteomics; systemic infection; Group A Streptococcus; S. pyogenes; Orbitrap; 
Tandem Mass Tags
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Introduction

Group A Streptococcus (GAS), Streptococcus pyogenes, remains among the top 10 

infection-associated mortality agents worldwide though it remains sensitive to penicillin 

(Walker et al., 2014). Estimates suggest that over 18 million cases of invasive disease and 

greater than 500000 deaths occur annually due to GAS infection (Carapetis et al., 2005). The 

most common manifestation of GAS is pharyngitis, or strep throat, though more severe 

disease states, i.e. necrotizing fasciitis, bacteremia, and toxic shock syndrome occur; high 

morbidity and mortality is associated with each of these conditions (Walker et al., 2014).

Reports (Hsieh and Huang, 2011, Lau et al., 2012, Yang et al., 2013, Davies et al., 2015) 

have identified GAS strains resistant to tetracycline and macrolides, which are responsible 

for outbreaks of scarlet fever in China. Numerous sequelae have been linked to repeated 

GAS infection including rheumatic heart disease (Walker et al., 2014), neurological issues 

(Kurlan et al., 2008) and other autoimmune disorders (Kirvan et al., 2003). Sequelae and 

emerging antibiotic resistance highlight the need to develop a vaccine to prevent GAS 

infection. Despite numerous attempts, a safe, effective and human-approved vaccine still 

does not exist (Dmitriev and Chaussee, 2010, Walker et al., 2014). This is in part due to 

molecular mimicry of GAS antigens with human tissues (Cunningham, 2000, Kirvan et al., 

2003), contributing to the development of autoimmune disease.

Traditionally, virulence factors and host defense mechanisms have been defined through 

genetics approaches. While fruitful, there is still an unmet challenge in identifying what type 

of immune response or components provide clearance of GAS and resolve infection. 

Defining the host response by constructing an organ-specific (OS) proteomic atlas may shed 

light on the functional mechanisms through which hosts overcome infections and reveal 

efficacy markers for numerous therapeutics.

Greater understanding of the host response to pathogens can yield insight into molecular 

mechanisms of immune protection. Host-centric approaches have the potential to uncover 

pathways that, if targeted by antibiotic alternatives, would boost host immunity and preserve 

the beneficial microbiota of the host (Nizet, 2015). Remarkably, immune boosting 

compounds have yet to be approved (Nizet, 2015), despite examples of beneficial activity 

(Kyme et al., 2012). Lack of approval is likely due to the risk of autoimmune disorders or an 

overwhelming immune response.

GAS studies have been bacteria-centric, with a recent call for systems-based approaches to 

study the host response during infection (Bessen and Lizano, 2010, Kilsgard et al., 2016, 

Tsatsaronis et al., 2014). Systems-level studies have the advantage of identifying global host 

responses, allowing the possibility for development of host-centric therapies (Cunningham, 

2000). However, a challenge in prioritizing the large number of results for further study 

remains.

GAS is a human-specific pathogen, so model organisms (Roberts et al., 2006, Piepmeier et 

al., 1995, Ashbaugh et al., 2000, Rivera-Hernandez et al., 2014) cannot easily be used to 

study mechanisms associated with bacterial pathogenesis. Although no model is a perfect 

surrogate for human GAS infection, they have led to meaningful biological discoveries 
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(Watson ME Jr., 2016). Two strains of GAS, M1 serotype strains 5448 and 5448AP, display 

increased virulence in mouse models (Kilsgard et al., 2016).

We used multiplexed proteomics to map the host-specific responses during systemic GAS 

infection in mice on an organ-to-organ basis. The goal of this study is twofold: first, 

construct an atlas of OS dynamics associated with infection response and second, 

statistically prioritize the large number of results to define OS infection markers. Our results 

indicate a concerted response to infection across organs, and identify OS Markers of 

Systemic Infection (MSI). Several MSI were detected in the blood of infected mice and a 

subset was observed in GAS-infected human samples, and may be clinically relevant as 

diagnostics. This study represents a significant advance towards understanding the dynamic 

proteome during systemic GAS infection from a host-centric perspective.

Results

Construction of a Murine Organ Atlas

To determine OS responses during GAS infection, 10 biological replicates of brain, heart, 

lungs, kidney, spleen, liver and blood were analyzed from 8-week-old mice that were either 

GAS or mock-infected. Organs bacterial loads were quantified by assessing colony forming 

units (CFUs) (Figure S1). Homogenates were then lysed and trypsin-digested, with resulting 

peptides randomly labeled with Tandem Mass Tag (TMT) 10plex reagents (Table S11) and 

fractionated by basic pH reverse-phase chromatography. In total, 11394 proteins were 

quantified across all organs and treatment types (Figure 1A, Table S1, 1% protein and 

peptide false discovery). Blood proteomes were excluded, as they were analyzed 

independently of the organ tissues to prevent skewing of data from highly abundant serum 

proteins. Over 10700 proteins per organ treatment were quantified, with 9467 proteins 

common to all organs and treatments (Figure 1B, Table S2).

No obvious batch effects were observed by correlational clustering of protein abundances 

(Figure 1C). Samples clustered by organ of origin, with GAS and mock-infected samples 

distinct from one another, except for the brain (Figure 1C). Notably, CFUs were present in 

the GAS infected brains, a result likely due to incomplete perfusion. We hypothesized that 

the lack of separation of GAS and mock-infected samples in the brain was a result of GAS’s 

inability to cross the blood-brain barrier (BBB) (Dileepan et al., 2016). To test this 

hypothesis, 10 biological replicates of Group B Streptococcus (GBS), a pathogen known to 

disrupt and cross the BBB (van Sorge and Doran, 2012), were analyzed. Clustering with 

these samples illustrated that brains clustered together, but GBS brains formed a distinct 

cluster separate from GAS and mock-infected brains (Figure S2). Comparing GBS-infected 

GAS and mock-infected brains, a total of 35 proteins were enriched in GBS-infected 

samples (>2 fold change, Benjamini-Hochberg (BH) FDR<0.01, Figure S2, Table S3).

Specific Markers Define Organ of Origin in Uninfected Samples

We hypothesized that each organ would have a unique signature of highly enriched proteins. 

To evaluate this hypothesis, we compared protein levels in each organ to all other organs. OS 

markers were then ranked on significance and fold change using π values (α≤1×10−5) (Xiao 
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et al., 2014). OS markers ranged from 40 for lungs to 835 for the brain (Figure 2A). OS 

markers were analyzed in DAVID (Huang da et al., 2009b, Huang da et al., 2009a) for Gene 

Ontology (GO) and functional categories (Figure 2A, Table S4, S5). Minimal overlap in GO 

functional analysis was apparent by the lack of cross-organ representation of terms. 

Additionally, stratification of GO terms was appropriate on an organ-by-organ basis. For 

example, brain enriched proteins were associated with various neurological receptors 

(Figure 2A). The least distinct organ from a GO perspective was the lung, which had strong 

overlap with other organs despite several proteins defining its signature. GO enrichment in 

the lung was predominantly for membrane and secreted proteins.

The expression levels of top organ markers for the brain (Gdap1, Ggt7, Sez6l2, Lrrtm4, 

Ablim2) are all known to be involved in synaptic transmission or other neurological 

processes (Figure 2B). Similar trends for OS involvement are known for top markers for the 

heart (Mybpc3, Ttn, Myoz2, Ttn-3, Myh6), kidney (Lrp2, Papss2, Acmsd, Cubn, Slc5a2), 

liver (Mat1a, Cps1, Ftcd, Arg1, Gys2), lung (Sftpc, Adam8, Ager, Ecscr, Gprc5a) and spleen 

(Cr2, Ighm, Grk2, Trmt10a, Lcp1). Among markers, a range of enrichment from 4 to 64-fold 

was observed and validated via Western Blot (Figure 2C). The reproducibility and 

enrichment attest to the fidelity of our proteome-based organ atlas.

Identification of Systemic and OS Infection Markers

Quantitative proteomics data were analyzed on an organ-by-organ basis comparing infected 

to uninfected states (Figure S3). Proteins that were considered significant, BH-FDR<1% and 

at least twofold up or downregulated, were considered markers of infection (Table S6). Next, 

proteins were deemed OS if they were significant by the BH procedure and twofold or 

greater regulation in response to infection within that organ only. Separate analyses were 

performed for up and downregulated proteins. Proteins significantly regulated by these 

criteria in multiple organs were defined as systemic markers of infection. The specificity and 

cross-organ nature of the marker proteins was visualized via a protein network (Figure 3). In 

the protein network, proteins (nodes) specific to an organ were colored accordingly, and 

systemic proteins were colored gray. All edges were colored according to their organ of 

origin, simplifying visualization of the systemic markers.

In parallel, the proteomics data were subjected to outlier analysis via the Tukey depth 

method (Rousseeuw et al., 1999) (Figures 3 and S4). Input for outlier analysis was 

calculated in two parts. The first data set consisted of Log2 ratios of each protein for each 

infected organ relative to the average of other infected organs. The second data set consisted 

of Log2 ratios of each protein for each mock-infected organ relative to the average of other 

mock-infected organs. Only proteins that met BH-FDR controlled (<1%) significance in at 

least one of the scenarios were included in outlier analysis. We hypothesized that correlation 

of these ratios would demonstrate that most proteins within an organ do not change in the 

context of infection, while providing evidence that those that are most significantly changed 

in a specific organ would serve as markers for infection. This assumes that the most dynamic 

proteins with respect to the average response across the other organs will be identified as 

outliers. Concurrently, we postulated that outlier analysis would reduce the number of 
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markers while having a higher specificity, identifying fewer systemic markers, due to the 

added context of the background response in the system.

After identification of outliers, proteins were directionally ranked based on the magnitude of 

their fold change as a ratio of ratios (Table S7). Markers were determined to be OS if there 

was an observed twofold or more change in only one organ; systemic markers exhibited 

twofold change or greater in multiple organs. The specificity of the marker proteins was 

plotted as a protein network (Figure 3). Outlier analysis identified fewer than 10% of 

proteins common to multiple organs. In contrast, the binary comparison approach identified 

19.5%. The total number of specific markers was also reduced, as noted in the ratios, for the 

outlier analysis relative to the binary comparisons. The increased specificity and reduction in 

number of markers is directly evident in the protein network plots (Figure 3).

To prioritize OS markers, the intersection of these approaches was used (Figure 3). No 

overlap between brain analyses was observed, likely due to the inability of GAS to cross the 

BBB (Dileepan et al., 2016). Up and downregulated proteins taken from the intersection of 

these analyses were defined as MSI (Figures 4, S5). The union of markers is summarized in 

Figure 5.

Traceability of OS Markers of Infection in Blood

In total, 1640 proteins were quantified from whole blood (Table S8), with 617 unique to the 

blood analysis. The high degree of overlap between the blood and organ datasets could be 

due to the degree of vascularization of the organs analyzed. As with the organ analyses, 

clustering stratified replicates exactly into mock or GAS infected (Figure 6A).

Recently, it was demonstrated that a protein’s tissue of origin could be inferred in plasma of 

GAS-infected mice (Malmstrom et al., 2016). We sought to determine if a non-targeted 

approach could provide similar inference of origin for infection markers defined herein, 

hypothesizing that proteins could be elevated in blood through secretion or necrotic 

processes. Therefore, the infection markers derived from the union of the statistical analyses 

were analyzed in SignalP (version 4.1) (Petersen et al., 2011) to determine if they contained 

a secretory signal sequence (Figure 6B, Table S9). Most protein markers did not, suggesting 

that if these proteins were found in blood they originated from necrotic processes. The liver 

had the highest number of proteins containing a signal sequence, which is expected as the 

liver is the primary source for plasma proteins (Miller et al., 1951).

Using the infection markers, OS protein levels were correlated with measured blood 

abundances (Figure 6C). Across all organs, 19 proteins were determined to be traceable in 

blood from an OS origin. Eight of these contained signal peptides, with five originating from 

liver. To confirm these makers, blood samples were obtained from GAS-infected patients 

and compared to healthy controls. An overall discordance between human and mouse blood 

levels was observed (Figure 6D). However, three markers showed a similar trend to that of 

GAS-infected mice (Figure 6E). Of these, Icam1 is known to be a general marker for sepsis 

(Sessler et al., 1995, Standage and Wong, 2011).
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Specificity of MSI

To assess the specificity of MSI, spleens from mice infected systemically with the Gram-

negative pathogen Salmonella enterica serovar Typhimurium (STM) were analyzed. Five 

mock-infected and five STM-infected spleens from two strains of mice were compared: 

C57BL/6 mice, a well-established model for STM, and CD1 mice, a genetic background 

control. Both CD1 and C57BL/6 mice had similar CFUs (Figure S7) and elicited a similar 

response with a high degree of correlation between shared proteins (R2=0.34, Figure S6A). 

These results include upregulation of Iigp1 (Table S12, S13), a protein associated with 

resistance to intracellular infection. Only two proteins were significant at BH-FDR<1%, 

Cd55 and Tspan15.

Next we assessed the specificity of the spleen MSI observed for GAS infection. A low 

degree of shared regulation between GAS infection and Salmonella infection was observed 

(R2=0.06, Figure S6B). Of the MSI markers observed in the GAS-infected spleens, four 

were related to collagen. None of the collagen-related proteins were significantly increased 

during STM infection. Other spleen MSI, Banf1 and HMGA1, were not significantly 

increased in the STM-infected spleens.

Discussion

Quantitative Proteomics Analysis of Organs

Comparison of organ protein profiles in the context of infection and mock infection led to 

several observable patterns. First, our data show OS enrichment for proteins, as seen in 

previous studies (Huttlin et al., 2010, Ponten et al., 2009). GO analysis of OS proteins shows 

correct stratification based on functional classifications. However, in some cases, such as the 

lung, GO analysis of OS markers did not achieve a distinct functional classification. Further 

examination of the respective classifications membrane proteins and secreted proteins 

showed that these are specific to the anatomy and function of the lung. These findings 

demonstrate the utility of GO functional classifications to define OS functions and highlight 

the potential to use these methods in the context of infection.

Murine Organ Atlas Defines Systemic and OS Infection Markers

We sought to define global immune responses and OS infection processes. The identification 

of the well-defined innate immune response served as a positive control (Figure 5). Given 

the numerous sequelae and complications associated with GAS infection, a key goal of this 

study was to gain insight into disease processes that occur specifically in each organ (Walker 

et al., 2014). An outlier analysis, similar to one predicting protein dysregulations (Lapek et 

al., 2017a), was utilized to identify proteins changing in each organ in response to infection 

while maintaining the context of changes occurring in other organs. This approach provided 

a greatly reduced number of OS infection markers (Figures 3 and 4), establishing a statistics-

based means for marker prioritization.

Although rheumatic heart disease, a common sequela associated with GAS infection, does 

not occur in mouse models, numerous effects have been observed in the hearts of infected 

mice (Rush et al., 2014), making heart-specific markers worthy of further consideration. 
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Among heart-specific MSI, Troponin C (Tnnc1) was noted. There are three troponin 

subunits, I, T and C, that associate with actin filaments and play an essential role in calcium-

mediated regulation of muscle contraction (Takeda et al., 2003, Babuin and Jaffe, 2005). 

Traditionally, troponins are used as markers for acute cardiac events, including myocardial 

infarction. Since the cardiac isoform of troponin C is shared with slow-twitch skeletal 

muscles (Schreier et al., 1990), it is not used as part of the diagnostic panel for cardiac 

injury. Upon further examination of the proteomics data, troponin T was identified as a 

marker in the outlier analysis, but not the binary comparisons. Additionally, troponin I was 

identified as significantly upregulated in the heart in the context of heart infection vs other 

organs, but did not achieve statistical significance when comparing infected hearts to mock-

infected hearts or by outlier analysis. Other heart MSI, including Myl3, Fabp3 and Mb, are 

also associated with cardiac injury (Hershberger et al., 2009, Cavus et al., 2006, Sallach et 

al., 2004). Mb and troponins have been examined in the context of other streptococcal 

infections (Watkin et al., 2004, Ammann et al., 2001). Intriguingly, Myl3 is thought to have 

some cross-reactivity with streptococcal antigens (Khavandi et al., 2008). These results 

indicate that markers of acute cardiac injury are upregulated in response to systemic 

infection, supporting previous findings (Rush et al., 2014).

Post-streptococcal glomerulonephritis is an inflammatory condition associated with GAS 

infections (Rodriguez-Iturbe and Haas, 2016). We postulated that kidney-specific MSI 

would be related to inflammatory biochemical processes. Upregulated kidney-specific MSI 

(i.e. Cyp4a10, Cyp4a14 and Slc22a5) have been linked to peroxisome proliferator-activated 

receptor signaling (PPARs) and phagocytic response. PPARs are known to increase levels of 

each of these proteins (Bartosiewicz et al., 2001, Kersten, 2014, Maeda et al., 2008). 

Cyp4a10 and Cyp4a14 both have roles in inducing an inflammatory response during 

infection (Nyagode et al., 2014). The observed increases in products of PPAR signaling are 

likely the result of cytokine storms, part of the innate immune response to GAS. 

Upregulation of these Cyps may also mediate clearance of apoptotic cells by macrophages 

(Majai et al., 2007). Additional MSI, Msl2 and Atp6v1g3, have been implicated in infection 

and the killing of phagocytosed bacteria (Franco et al., 2017, Morgan et al., 2009, Zodro et 

al., 2014).

Due to the role of the spleen in immune function, the markers derived from the spleen have 

the potential to provide valuable insight towards understanding host-pathogen (HP) 

dynamics. Among spleen-upregulated MSI were several collagen proteins. Type IV (T4) and 

type VI (T6) collagens are both extracellular matrix proteins that bind to GAS during 

infection (Dinkla et al., 2003b, Abdillahi et al., 2012, Dinkla et al., 2003a). T6 collagens 

have been shown to have antimicrobial effects at high concentrations (Abdillahi et al., 2012). 

The upregulation of these collagens in the spleen is interesting, as neither is associated with 

fibrotic scarring, a mechanism linked to type I collagens (Trojanowska et al., 1998). 

Increased titers of T4 in blood have been associated with other GAS serotypes in relation to 

rheumatic diseases (Dinkla et al., 2003b), suggesting that the increase of T4 and T6 

collagens present in the spleen may be due to autoantigenic processing. In support of this 

hypothesis, a decrease in heart and lung collagen T4 and T6 was noted (Figure 4, Figure S5). 

Our observations regarding collagen may be specific to Gram-positive infections, as the 

findings were not observed within STM-infected mice.
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To gain a broader perspective of the dynamic changes in response to infection, the union of 

markers derived from the binary comparisons and the outlier analysis were summarized 

(Figure 5). Irrespective of organ-of-origin, most markers were highly connected in both up 

and downregulated sets, suggesting proteins are functionally regulated at the complex or 

pathway level, and that fluxes in rogue proteins are not driving-markers of infection. 

Previous studies have suggested that proteins tend to be degraded when not part of their 

cognate complex (Goldberg and Dice, 1974, Hwang et al., 2010), supporting our 

observations. To assign mechanistic regulation to pathways, further analyses of the temporal 

dynamics of post-translational modifications at various states is needed.

Within the proteome atlas, the mTOR pathway was observed to be downregulated (Figure 

5). mTOR is known to be inhibited by inflammatory cytokines (Frost and Lang, 2011). 

During pro-inflammatory states, the proteasome is known to activate numerous 

inflammatory proteins (Elliott et al., 2003). This function has led to the development of 

proteasomal inhibitors for attenuation of inflammation. In our mouse model, systemic 

upregulation of the proteasome was observed in response to GAS infection, suggesting a 

role in the pro-inflammatory state from which these samples were derived. Concurrent with 

mTOR downregulation, complement and coagulation cascades were upregulated. There are 

well defined roles for each of these pathways in the pathogenic processes of GAS, as GAS is 

known to be sequestered by the coagulation cascade (Loof et al., 2014) allowing the host to 

mount an effective response (Shannon et al., 2010). In response, GAS utilizes Streptokinase 

to escape entrapment and disseminate (Green, 1948).

Through our analyses, the brain and lung have the fewest markers of analyzed organs. The 

low number of markers associated with these organs was unsurprising due to the systemic 

nature of the infection. The brain and the lung have similar endothelial barrier function, 

though the lung barrier is more permeable than the BBB (Daneman et al., 2010). However, 

the markers that are present are still important. In the brain, upregulation of several Cyp2 

and Cyp3 proteins related to the metabolism of arachidonic acid were noted. As arachidonic 

acid is metabolized into both pro and anti-inflammatory products (Serhan et al., 2008) and 

has ties to PPARγ regulation for protection against lipid oxidation (Wang et al., 2006), this 

regulation is likely a protective function in the brain against the innate immune response. 

Conversely, in the lung, upregulation of nebulin and a network of myosin proteins was 

observed. Combined with the observations related to T6 collagen in the lung (Figure 4, 

Figure S5), this suggests a compensatory response to the degradation of supporting 

extracellular matrix proteins. A potential explanation is reduced lung contractility due to 

decreased support proteins. To compensate, the lungs respond by acutely increasing 

expression of nebulin and myosins to maintain contractility, as each of these proteins have 

well-defined roles in contraction (Bang et al., 2009) and deficiencies associated with 

myopathies (Wallgren-Pettersson et al., 2002, Wallgren-Pettersson et al., 1999).

In the heart, a downregulated cluster was enriched for Akt pathway members. This is 

important because of the known connection of the Akt signaling axis to induction of 

autophagy processes (Li et al., 2015). Previously GAS was shown to be susceptible to 

autophagocytic killing (Nakagawa et al., 2004), and our data suggests a localized role for 

this process during systemic GAS infection.
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Within the liver, cytochrome p450s are downregulated. Cytochrome p450s are known to be 

downregulated by infectious agents and inflammatory processes (Morgan, 1997). 

Conversely, proteins in the glutathione metabolic process are upregulated. As glutathione is 

an important antioxidant in protection from reactive oxygen species (ROS) (Aquilano et al., 

2014), this result is expected. The glutathione metabolic processes present an interesting 

paradox in HP interactions: the balance in redox status that allows destruction of the 

pathogen while maintaining protection of the host. To a point, GAS appears to be well 

equipped to make this balance more complicated. GAS possesses a glutathione peroxidase 

that allows it to withstand high concentrations of hydrogen peroxide (Gibson et al., 2000, 

Brenot et al., 2004). These findings suggest that regulation of glutathione-related proteins in 

the host is likely in response to the pro-inflammatory, high ROS environment that GAS 

promotes for its own survival.

Through this analysis it became clear that signaling networks and protein complexes 

observed in the proteome atlas were being dynamically regulated in the context of systemic 

GAS infection. Much of this granularity would have been masked had the outlier analysis 

not been employed. While some of these pathways, such as mTOR (Frost and Lang, 2011), 

have known ties to inflammatory processes, this approach allows a more comprehensive 

exploration of the complexity of HP interactions. For example, our findings related to T4 

and T6 collagens (Figures 4, S5) yield insight to the dynamic remodeling of tissues and host 

immune function that lead to sequelae associated with GAS.

It is important to note that the specificity of these observations to GAS or other Gram-

positive bacteria has not been addressed. We have some evidence that these observations 

may be specific to Gram-positive infection as there was poor correlation (r=0.24) between 

the splenic response to GAS and STM (Figure S6B). Additionally, none of the defined 

splenic MSI were upregulated in STM infection. However, without analysis of other Gram-

positive infections we cannot confidently discriminate whether these responses are specific 

to GAS or Gram-positive bacteria in general.

Blood Markers of Systemic Bacterial Infection

Results from our proteomic analysis of blood suggest that a combination of necrotic and 

secretory processes contribute to the presence of OS markers in the blood. In comparison 

with recent results, three markers that contain signal peptides followed similar patterns of 

increased abundance in blood following infection (Malmstrom et al., 2016). These were 

Alpha-1-acidglycoprotein 2, Plasma protease C1 inhibitor and Complement component C8 

alpha chain, which are involved in acute phase response (Gabay and Kushner, 1999). The 

Malmstrom et al. study used a subcutaneous infection model with different bacterial strains 

and inoculums. The fact that some markers are common between these models suggests 

some core molecular mechanisms are shared, irrespective of route of infection, while others 

may be unique to the point of entry.

Analysis of human patient blood suggests a clinical application for a subset of MSI. An 

overall discordance between the human and mouse response to infection (Figure 6D) was 

observed, which may be the result of several factors. Patients had a variety of infection 

manifestations from necrotizing fasciitis to pneumonia (Table S14). It was not possible to 
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obtain tissue biopsies, making it difficult to evaluate MSI. This discordance could also be 

attributed to the human-specific nature of GAS; the mouse model only represents certain 

aspects of the human infection (Watson ME Jr., 2016). Nevertheless, the trends observed in 

three markers, Icam1, Orm2, and Serpina10, can be useful diagnostic indicators of the 

localization of GAS infection in humans. Icam1 and Serpina10 may indicate infection in the 

liver, while Orm2 may indicate progression to the heart. Previous reports have shown that 

Icam1 expression is induced by GAS’s SlaA, increasing the adhesion of human monocytic 

leukemia cells (Oda et al., 2017). Icam1 deletion mutants have also displayed increased 

bacterial burden in mycobacterium infection, further evidence of a role for Icam1 during 

bacterial infection (de Paula et al., 2017). Less is known of Serpina10’s role in GAS 

infection, but studies suggest that it also increases immune cell penetration into the liver 

during sepsis (Butschkau et al., 2013). While Orm1 is known to predict patient outcomes in 

sepsis (Raju et al., 2016, Barroso-Sousa et al., 2013, Xiao et al., 2015), our studies implicate 

a similar potential for Orm2. Interestingly, EndoS secreted by GAS has the ability to 

hydrolyze Orm1 (Sjogren et al., 2013), and nitrosated forms of Orm1 can kill drug-resistant 

bacteria during sepsis (Watanabe et al., 2013). These proteins may have broad implications 

for improved OS diagnostics and may warrant further investigation.

Summary and Conclusions

While challenges remain in fully understanding the host response during bacterial infection, 

the construction of an organ proteome atlas is a powerful step forward. There have been calls 

to go beyond traditional bacteria-centric genetic approaches, and move towards host-centric 

systems biology approaches (Bessen and Lizano, 2010, Kilsgard et al., 2016, Tsatsaronis et 

al., 2014). We demonstrate the power of an unbiased systems level approach, through the use 

of quantitative proteomics, to define dynamic host responses to infection. This is 

advantageous over typical in vitro studies that lack the context of the entire system. 

Continued generation of datasets such as this, along with metabolomic and transcriptomic 

analyses, have the potential to provide even greater power. Integration of such datasets could 

more easily pinpoint pathways for targeted investigation. Through incorporation of 

additional layers, such as time, immune perturbations and post-translational modifications, 

finite mechanisms for host response can be defined.

The context of microenvironments, as assessed by dynamics in each organ, within hosts are 

important niches to consider during infection and treatment. Another important factor to 

consider is bioavailability of therapeutics at the site of infection. This can be affected by 

factors such as pH, cell type, and drug metabolism (Wagner et al., 2006). Each of these 

variables can lead to heterogeneous availability of drugs within and amongst tissues. The 

advent of techniques such as laser capture microdissection coupled to mass spectrometry 

(Banks et al., 1999) and new visualization techniques could eventually lead to more 

contextually relevant HP interaction studies. Applying this combination of techniques could 

lead to the reduction in host-specific background typical in HP interaction studies 

(Semanjski and Macek, 2016), and allow for examination of pathogen factors that are being 

expressed in vivo. This can also be achieved through targeted techniques (Erickson et al., 

2017).
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Over 200 different M-type strains have currently been identified (Bessen and Lizano, 2010). 

One of the most extensively utilized mediums for understanding infection, disease and 

defining biomarkers remains the blood (Malmstrom et al., 2016). While the plasma 

proteome is known to be variable among humans (Liu et al., 2015), blood biobanks are an 

invaluable resource for translational studies involving pathogens, including GAS. This study 

demonstrates the ability to detect protein dynamics resulting from bacterial infection, with 

tissue of origin inference, in blood samples.

The quantitative proteomics strategy outlined here shows potential to define an atlas of 

infection responses in mice and statistically prioritize protein biomarkers. Prioritization of 

potential markers in this manner directly addresses a common challenge in the field, where 

thousands of candidates are typically identified. Through a series of downstream analyses, 

we demonstrate the ability to further establish potential links to clinical relevance by 

tracking organ derived proteins in blood samples. Though this study was conducted in the 

context of a systemic bacterial infection, this approach is readily adaptable to numerous 

pathogens.

STAR METHODS:

CONTACT FOR REAGENT AND RESOURCE SHARING:

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, David J. Gonzalez (djgonzalez@ucsd.edu) +1 858 822–1218.

EXPERIMENTAL MODEL AND SUBJECT DETAILS:

Bacterial Strains.: M1T1 Group A Streptococcus (GAS) 5448 was originally isolated from 

a clinical necrotizing fasciitis patient sample (Chatellier et al., 2000). Serotype III Group B 

Streptococcus (GBS) COH1 strain was used for GBS infection experiments. For routine 

propagation, GAS and GBS were grown in liquid cultures of Todd-Hewitt broth (THB, 

Neogen) without aeration at 37 °C. IR715 is a fully virulent, nalidixic acid (Nal)-resistant 

derivative of Salmonella enterica serovar Typhimurium (STM) wild-type isolate ATCC 

14028 (Stojiljkovic et al., 1995). STM was grown aerobically at 37°C in Luria-Bertani (LB) 

broth.

Mouse Infection Models.: All animal experiments were reviewed and approved by the 

University of California, San Diego Animal Care and Use Committee. For GAS and GBS 

studies, 8-week old female CD-1 mice (n=10) were used (Harlan Laboratories). To study the 

distribution of systemic GAS infection, mice were infected with 5×106 CFU/100 μL by tail 

vein injection and euthanized 48 hours post-infection for the collection of the blood, heart, 

spleen, brain, lungs, liver and kidneys, a modification of previous studies (Sakurai et al., 

2003, Lin et al., 2015, Goldmann et al., 2004). Mice were perfused with PBS prior to organ 

collection. In parallel, an additional set of mice (n=10) were mock infected with PBS and 

organs were harvested similarly. All organs were subsequently homogenized using a Mini 

BeadBeater (Biospec) and samples were serially diluted in PBS and plated on Todd-Hewitt 

Agar (THA) to enumerate CFUs per gram of tissue. For GBS infection studies, mice were 

infected with 7.5×107 CFU/100 μL (van Sorge et al., 2009) by tail vein injection. Forty-eight 
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hours post-infection, animals were sacrificed as with GAS infected animals and brains were 

collected. Brains were homogenized as before and CFUs enumerated on THA. For STM 

studies, C57BL/6 and CD1 mice were used. Mice were purchased from Envigo (Harlan). 

Groups of five, 8–10-week-old female mice were injected intraperitoneally with either 0.1 

ml of DPBS (control) or 0.1 ml of a suspension of STM. C57BL/6 were inoculated with 

1×103 CFUs while CD1 mice were inoculated with 1×105 CFUs. Mice were sacrificed at 4 

days post-infection and the spleens were collected. The spleens were then weighed and 

homogenized. The organ suspensions were serially diluted, and plated on LB agar plates to 

determine bacterial counts.

Clinical patient selection and human sample collection.: Clinical blood samples were 

collected as part of the Molecular Diagnosis and Risk Stratification of Sepsis (MARS) 

initiative, a prospective cohort study in a tertiary mixed medical-surgical ICU in the 

Netherlands. Ethical approval for the study was provided by the Medical Ethics Committee 

of the University Medical Center Utrecht (UMCU), including an opt-out consent method 

(IRB No. 10–056C). Participants were notified of the study in writing by a brochure 

provided at ICU admission with an attached opt-out card that could be completed by the 

patient or by his or her legal representative in case of unwillingness to participate. All 

treated infections were registered daily by dedicated observers as described previously 

(Klein Klouwenberg et al., 2013). For this study we selected septic patients with culture-

proven infection caused by GAS. Daily leftover citrate plasma was processed within 4 hours 

of sampling, and stored at −80 °C. Ten samples selected for this study were collected within 

± 1 day from start antimicrobial treatment and matched to ten healthy controls. Additional 

patient information, including information relating to sex, age, and infection status, is 

contained in Table S14. Sample size was chosen based on plexing ability of TMT reagents. 

Ten healthy and ten controls were also chosen to correspond to the number of animals that 

were mock or infected from the mouse study.

METHOD DETAILS:

Western Blots.—Mouse organ lysates were prepared for immunoblot analysis as follows. 

Organs were added to 1X RIPA lysis buffer with 1X Roche Complete mini EDTA free 

protease inhibitors. Samples were bead beat three times for 1 min with a 1 min rest in 

between. Organ lysate was acquired and centrifuged for 10 min at 13,000 RPM 4 °C to 

pellet insoluble debris. Protein concentration was estimated using a Pierce™ BCA Protein 

Assay Kit (Thermo) and normalized across all samples. Total protein loaded on to the gel 

was confirmed by running a coomassie blue stained gel, and samples were normalized as 

previously described (Eaton et al., 2013). Organ lysates were then analyzed for 

corresponding marker proteins with antibodies purchased from Abcam according to 

manufacturer recommendations (GDAP1 - ab100905, MYH6 - ab50967, MAT1A - 

ab129176, SFTPC - ab211326 and LCP1 - ab109124). Samples were mixed with Laemmli 

SDS-PAGE sample buffer, boiled for 5 min then electrophoresed on a 12% Tris-HCl SDS-

polyacrylamide gel. Electrophoresed proteins were transferred to a nitrocellulose membrane 

which was subsequently blocked with 5% milk in TBST and incubated with primary 

antibody overnight at 4 °C. Following incubation, membranes were washed with TBST and 

incubated with corresponding secondary antibodies for 1 hr according to manufacturer 
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recommendations (anti-rabbit - ab671, anti-mouse - ab6789). After treatment, protein bands 

were detected using SignalFire™ ECL Reagent (Cell Signaling - #6883) and quantified 

using Bio-Rad ChemiDoc™ Touch Imaging System and Bio-Rad Image Lab 6.0.

Protein Digestion and TMT Labeling.—Organ homogenates were lysed in a buffer 

composed of 75 mM NaCl (Sigma), 3% sodium dodecyl sulfate (SDS, Fisher), 1 mM NaF 

(Sigma), 1 mM beta-glycerophosphate (Sigma), 1 mM sodium orthovanadate (Sigma), 10 

mM sodium pyrophosphate (Sigma), 1 mM phenylmethylsulfonyl fluoride (PMSF, Sigma), 

and 1X Complete Mini EDTA free protease inhibitors (Roche) in 50 mM HEPES (Sigma), 

pH 8.5 (Villen and Gygi, 2008). To ensure full lysis, homogenates were passed through a 21-

gauge syringe 20 times. Insoluble debris was then pelleted by centrifugation for 5 minutes at 

14,000 rpm. Supernatants were transferred to new tubes and an equal volume of 8 M urea in 

50 mM HEPES, pH 8.5 was added to each sample. Samples were then vortexed and 

sonicated for 5 minutes in a sonicating water bath to ensure protein denaturation.

Proteins were reduced with dithiothreitol (DTT, Sigma) and alkylated with iodoacetamide 

(Sigma) as previously described (Haas et al., 2006). Proteins were precipitated via methanol-

chloroform precipitation (Wessel and Flugge, 1984). Precipitated proteins were re-

solubilized in 300 μL of 1 M urea (Fisher) in 50 mM HEPES, pH 8.5. Vortexing, sonicating 

and manual grinding were used to aid solubility. Proteins were digested in a two-step 

digestion process. First, 3 μg of LysC (Wako) was added to each sample, and samples were 

digested overnight at room temperature. Next, 3 μg of trypsin was added, and samples were 

digested for six hours at 37 °C. Digests were acidified with trifluoroacetic acid (TFA, Pierce) 

to quench the digestion reaction. Peptides were desalted with C18 Sep-Paks (Waters) as 

previously described (Tolonen and Haas, 2014). Concentration of desalted peptides was 

determined with a BCA assay (Thermo Scientific), and peptides were aliquoted into 50 μg 

portions. Aliquots were dried under vacuum and stored at −80 °C until they were labeled 

with TMT reagents.

Peptides were labeled with 10-plex TMT reagents (Thermo Scientific) (McAlister et al., 

2014, Thompson et al., 2003) as previously described (Wang et al., 2011). TMT reagents 

were reconstituted in dry acetonitrile (Sigma) at 20 μg/μL. Dried peptides were re-suspended 

in 30% dry acetonitrile in 200 mM HEPES, pH 8.5, and 7 μL of the appropriate TMT 

reagent was added to peptides. Reagents 126 and 131 (Thermo Scientific) were used to 

bridge between mass spec runs. Remaining reagents were used to label samples in random 

order. Labeling was carried out for 1 hour at room temperature, and was quenched by adding 

8 μL of 5% hydroxylamine (Sigma). Labeled samples were acidified by adding 50 μL of 1% 

TFA and then pooled into appropriate 10-plex TMT samples, with pooled standard samples 

labeled with 126 and 131. Pooled samples were desalted with C18 Sep-Paks.

Basic pH Reverse-Phase Liquid Chromatography Sample Fractionation.—
Sample fractionation was performed by basic pH reverse-phase liquid chromatography with 

concatenated fractions as previously described (Wang et al., 2011). Briefly, samples were re-

suspended in 5% formic acid/5% acetonitrile and separated over a 4.6 mm x 250 mm C18 

column (Thermo Scientific) on an Ultimate 3000 HPLC fitted with a fraction collector, 

degasser and variable wavelength detector. The separation was performed over a 22% to 
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35%, 60-minute linear gradient of acetonitrile in 10 mM ammonium bicarbonate (Fisher) at 

0.5 mL/min. The resulting 96 fractions were combined as previously described (Wang et al., 

2011). Fractions were dried under vacuum and re-suspended in 5% formic acid/5% 

acetonitrile and analyzed by liquid chromatography (LC)-MS2/MS3 for identification and 

quantitation.

LC-MS2/MS3 for Protein Identification and Quantitation.—All LC-MS2/MS3 

experiments were carried out on an Orbitrap Fusion (Thermo Fisher Scientific) with an in-

line Easy-nLC 1000 (Thermo Fisher Scientific) and chilled autosampler. Home-pulled, 

home-packed columns (100 μm ID x 30 cm, 360 μm OD) were used for analysis. Analytical 

columns were triple-packed with 5 μm C4 resin, 3 μm C18 resin, and 1.8 μm C18 resin 

(Sepax) to lengths of 0.5 cm, 0.5 cm, and 30 cm respectively. Peptides were loaded at 500 

bar and eluted with a linear gradient of 11% to 30% acetonitrile in 0.125% formic acid over 

165 minutes at a flow rate of 300 nL/minute, with the column heated to 60 °C. Nano-

electrospray ionization was performed by applying 2000 V through a stainless-steel T-

junction at the inlet of the microcapillary column.

The mass spectrometer was run in data-dependent mode, where a survey scan was 

performed over 500–1200 m/z at a resolution of 60,000 in the Orbitrap. Automatic gain 

control (AGC) was set to 2×105 for MS1 with a maximum ion injection time of 100 ms. The 

S-lens RF was set to 60 and centroided data was collected. Top-N mode was used to select 

the most abundant ions in the MS1 scan for MS2 and MS3 with N set to 10.

The decision tree option was used for MS2 analysis, using charge state and m/z range as 

qualifiers. Ions carrying 2 charges were analyzed from the m/z range of 600–1200, and ions 

carrying 3 and 4 charges were selected from the m/z range of 500–1200. An ion intensity 

threshold of 5×104 was used. MS2 spectra were obtained using quadrupole isolation at a 0.5 

Th window and fragmented using Collision Induced Dissociation with a normalized 

collision energy of 30%. Fragment ions were detected and centroided data collected in the 

linear ion trap using rapid scan rate with an AGC target of 1×104 and maximum ion 

injection time of 35 ms.

MS3 analysis was performed using synchronous precursor selection (SPS) enabled to 

maximize TMT quantitation sensitivity (McAlister et al., 2014). A maximum of 10 MS2 

precursors was specified for the SPS setting, which were simultaneously isolated and 

fragmented for MS3 analysis. Higher-Energy Collisional Dissociation fragmentation was 

used for MS3 analysis with a normalized collision energy of 55%. Resultant fragment ions 

(MS3) were detected in the Orbitrap at a resolution of 60,000 with a low mass cut-off of 110 

m/z. AGC for MS3 spectra was set to 1×105 with a maximum ion injection time of 100 ms. 

Centroided data were collected, and MS2 ions between the range of 40 m/z below and 15 

m/z above the precursor m/z were excluded by SPS.

QUANTIFICATION AND STATISTICAL ANALYSIS:

Data Processing and Analysis.—Data were processed using Proteome Discover 2.1 

(Thermo Fisher Scientific). MS2 data were searched against concatenated Uniprot Human, 

Group A Streptococcus and Group B Streptococcus databases (downloaded 11–28-16) 

Lapek et al. Page 15

Cell Syst. Author manuscript; available in PMC 2021 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



respectively using the Sequest algorithm (Eng et al., 1994). A decoy search was also 

conducted with sequences in reverse order (Elias and Gygi, 2007, Elias et al., 2005, Peng et 

al., 2003). A precursor mass tolerance of 50 ppm (Beausoleil et al., 2006, Huttlin et al., 

2010) was specified and 0.6 Da tolerance for MS2 fragments. Static modification of TMT 

10-plex tags on lysine and peptide n-termini (+229.162932 Da) and carbamidomethylation 

of cysteines (+57.02146 Da) were specified. Variable oxidation of methionine (+15.99492 

Da) was also included in search parameters. Data were filtered to 1% peptide and protein 

level false discovery rates with the target-decoy strategy through Percolator (Kall et al., 

2007, Spivak et al., 2009).

TMT reporter ion intensities were extracted from MS3 spectra for quantitative analysis, and 

signal-to-noise values were used for quantitation. Spectra were filtered and summed as 

previously described (Lapek et al., 2017b). Data were normalized in a multi-step process, 

whereby they were first normalized to the pooled standards (TMT-126 and −131) for each 

protein, and then to the median signal across the pooled standards from all experiments 

(Lapek et al., 2017a). An average of these normalizations was used for the next step. To 

account for slight differences in amounts of protein labeled, these values were then 

normalized to the median of the entire dataset and reported as final normalized summed 

signal-to-noise ratios per protein per sample.

Statistics and Bioinformatics Analyses.—Significance for proteomics data was 

assessed by Student’s T-test; variance was assessed by an F-test to ensure the correct 

statistical assumptions were used. Adjustment for multiple comparisons was performed 

through Benjamini-Hochberg procedure, with a false discovery rate of 1%. Outlier analysis, 

through Tukey’s depth method and visualized through bagplots (Rousseeuw et al., 1999), 

was utilized to determine organ specific markers of infection. Input included proteins which 

were significant (BH controlled FDR<0.01) in either infected organs or uninfected organs.

Gene ontology (GO) analysis through the DAVID server (Huang da et al., 2009b, Huang da 

et al., 2009a) was utilized to identify significant groups of proteins per organ, infected and 

mock-infected. Parameters were set as previously described (Nicolay et al., 2015). Gene heat 

maps of organ and infection specific markers and subsequent GO analyses were visualized 

in GENE-E (https://software.broadinstitute.org/GENE-E/index.html).

STRING-db (Szklarczyk et al., 2015) was utilized through the String App for Cytoscape 

(Version 3.5) to visualize connections between proteins. Connections were limited to high 

confidence (0.7) with interactions restricted to the query only.

Data and Software Availability.—The mass spectrometry proteomics data have been 

deposited into MassIVE (http://massive.ucsd.edu) and submitted to the ProteomeXchange 

Consortium (http://proteomecentral.proteomexchange.org) with the dataset identifiers 

MSV000081425; PXD007213 (organs) and MSV000081437; PXD007248 (blood); 

PXD008809 and MSV000081997 (STM/Clinical patient blood).
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Highlights:

• Group A Streptococcus infected mouse organs have consistent proteomic 

responses.

• Combining statistical methods reveals organ specific responses to infection.

• Protein networks shift during infection in an organ specific and systemic 

fashion.

• Selected blood biomarkers for site of infection are present in clinical patients.
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Figure 1–. Quantitative Proteomics of a Murine GAS Infection Model.
(A) 10 mice per group were GAS or mock infected. At 48 hours post tail vein injection, 

mice were sacrificed and organs (brain, liver, kidney, spleen, lungs, heart and blood) 

harvested. Samples were randomized for TMT labeling; blood processed separately. Bridge 

channels containing equal portions of each organ homogenate were used for normalization 

purposes. All 10plexes were subjected to MS2 peptide identification and MS3 

quantification. (B) A total of 11396 proteins were quantified. Plotted is the total number of 

proteins per organ in mock and infected organs. A total of 9467 proteins were common to all 

organs and infection statuses. (C) Spearman rank correlation coefficients were used in 

hierarchical clustering of samples. Organ origin drives primary clustering (Inner trees). 

Infection status is represented by the external ring.

Lapek et al. Page 25

Cell Syst. Author manuscript; available in PMC 2021 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2–. Signatures of Organs based on Protein Markers.
(A) Heatmap of OS markers. Markers were identified by calculating Log2 ratio of the 

specified organ/average of all other organs and ranked by π-score (α≤1×10−5) – Left panel. 

Heat map of GO terms associated with organ markers is plotted in the right panel. 

Representative GO terms are listed to the right of the GO plot. (B) Top five OS markers 

ranked by π-score are plotted. With log2(Organ/Average other organs) on the y-axis and 

whiskers represent median and interquartile range of the data. (C) Western Blot validation of 

indicated OS markers. Relative intensity was normalized to total protein loaded on each gel. 

Mean relative intensity and standard deviation are plotted (n=2), and a representative blot is 

shown below each plot.
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Figure 3–. Determination of OS Infection Markers.
Binary comparisons of infected vs mock were performed with BH FDR control at 1% and a 

twofold change were cut-offs for OS markers irrespective of directionality of fold-change. 

Markers were ranked by fold-change per organ. Proteins having a twofold change in 

multiple organs were considered systemic markers (protein network). Edges were colored 

according to organ of origin. In parallel, outlier analysis was performed for each organ, with 

log2 of fold-change of the organ relative to the mean of other organs plotted against the log2 

of fold-change of the infected organ relative to the mean of other organs. Outliers were 

determined by the Tukey depth method. Proteins considered significant after BH correction 

were included in the analysis. Proteins having a twofold change in multiple organs were 

again considered systemic markers (protein network). Edges are colored according to organ 

of origin. Final markers were chosen based on the overlap of each statistical analysis (Venn 

diagrams). For simplicity, only upregulated proteins are depicted here, see Figure S5 for 

downregulated proteins.
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Figure 4–. Group A Streptococcus MSI.
Upregulated markers for infection are shown. Bars and data points are colored and grouped 

according to the organ of origin. Error bars represent standard deviation. Values plotted are 

normalized, summed signal-to-noise ratios. Proteins were defined from the overlap of the 

statistical methods (Figure 3). I – Infected and M – Mock.
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Figure 5–. Assembly of a Marker Atlas for Systemic GAS Infection.
Organs are scaled according to the number of nodes contained within each organ. Nodes 

contained within the mouse are systemic markers, or those common to multiple organs. 

Placement of the nodes in the mouse is arbitrary. Nodes present in the individual organs are 

specific to that organ. Nodes represent proteins from the union of the outlier and binary 

comparison analyses that were significant and exhibited at least a twofold up (red) or down 

(blue) change. String analysis was performed with up and downregulated proteins 
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independently. Only proteins with multiple connections are shown (significance > 0.7, no 

missing partners). GO functionally enriched clusters are circled and labeled accordingly.
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Figure 6–. Proteome Analysis of Blood Reveals Traceability of Organ Markers.
(A) Spearman’s Correlation clustering stratifies samples into mock and GAS infected 

subtypes. No obvious batch effects were observed. (B) SignalP analysis of infection markers 

derived from organs shows approximately equal percentages of proteins containing secretion 

signals. Red are those containing signal peptides and black those without. The numbers in 

each section of the bar indicate the raw counts of proteins in each category. (C) Correlation 

between blood levels and organ levels for infection markers. Overall Pearson correlation 

coefficient was 0.56, with a total of 19 infection markers traceable in blood. Spots are 

colored by tissue of specificity. (D) General discordance between GAS infected human and 

mouse blood proteomes. Pearson correlation coefficient=0.21, (E) Highlighted markers 

observed in blood from patients with GAS infection.
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KEY RESOURCES TABLE:

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-GDAP1 Rabbit polyclonal antibody Abcam ab100905

Anti-MYH6 Mouse monoclonal antibody Abcam ab50967

Anti-MAT1A Rabbit monoclonal antibody Abcam ab129176

Anti-SFTPC Rabbit monoclonal antibody Abcam ab129176

Anti-LCP1 Rabbit monoclonal antibody Abcam ab109124

Bacterial and Virus Strains

M1T1 Group A Streptococcus (GAS) 5448 (Chatellier et al., 2000) N/A

Serotype III Group B Streptococcus (GBS) COH1 (Wilson and Weaver, 1985) N/A

Salmonella enterica serovar Typhimurium (STM) wild-type 
isolate ATCC 14028 (Stojiljkovic et al., 1995)

N/A

Biological Samples

GAS infected human blood University Medical Center 
Utrecht (UMCU)

N/A

Chemicals, Peptides, and Recombinant Proteins

Tandem Mass Tag Reagents Thermo-Fisher Cat#90110

Deposited Data

Mouse organs proteomic data This paper MSV000081425; PXD007213

Mouse blood proteomic data This paper MSV000081437; PXD007248

Mouse STM spleen proteomic data and human clinical patient 
blood proteomic data

This paper MSV000081997; PXD008809

Experimental Models: Organisms/Strains

Mouse: female CD-1 Harlan Laboratories

Mouse: female C57BL/6 mice Harlan Laboratories

Software and Algorithms

GENE-E https://software.broadinstitute.org/GENE-
E/index.html

DAVID (Huang da et al., 2009a) https://david.ncifcrf.gov/

STRING-db (Szklarczyk et al., 2015) https://string-db.org/

Proteome Discover Thermo-Fisher

R Studio (1.1.383) https://www.rstudio.com/

SignalP (Petersen, et al., 2011) http://www.cbs.dtu.dk/services/SignalP/
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