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SUMMARY

Sepsis is a life-threatening inflammatory syndrome accompanying a bloodstream infection. 

Frequently secondary to pathogenic bacterial infections, sepsis remains difficult to treat as a 

singular disease mechanism. We compared the pathogenesis of murine sepsis experimentally 

elicited by five bacterial pathogens and report similarities among host responses to Gram-negative 

Salmonella and E. coli. We observed that a host protective mechanism involving de-toxification of 

lipopolysaccharide by circulating alkaline phosphatase (AP) isozymes was incapacitated during 

sepsis caused by Salmonella or E. coli through activation of host Toll-like receptor 4, which 

triggered Neu1 and Neu3 neuraminidase induction. Elevated neuraminidase activity accelerated 

the molecular aging and clearance of AP isozymes, thereby intensifying disease. Mice deficient in 

the sialyltransferase ST3Gal6 displayed increased disease severity, while deficiency of the 

endocytic lectin hepatic Ashwell-Morell receptor was protective. AP augmentation or 
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neuraminidase inhibition diminished inflammation and promoted host survival. This study 

illuminates distinct routes of sepsis pathogenesis, which may inform therapeutic development.

In Brief

Yang et al. develop a comparative protocol to identify mechanisms in the pathogenesis of 

experimental sepsis. Discrete Gram-negative pathogens elicit a TLR4-dependent host response 

that disrupts the homeostatic regulation of alkaline phosphatase (AP) isozymes through 

neuraminidase activation. AP augmentation and neuraminidase inhibition are therapeutic by 

maintaining the de-toxification of LPS-phosphate.

GRAPHICAL ABSTRACT

INTRODUCTION

Sepsis is a life-threatening bloodstream infection accompanied by pathological inflammation 

and organ system dysfunction. The leading cause of death in non-cardiac intensive care 

units, sepsis is increasing in incidence while no new effective therapies have been developed 

in decades (Fleischmann et al., 2016; Gaieski et al., 2013; Marshall, 2014; Orban et al., 

2017; Stevenson et al., 2014). Among patients with severe sepsis or septic shock, mortality 

averages 25% with many survivors experiencing long term disabilities from tissue and organ 

damage caused by thrombosis, hypoperfusion, and hyperinflammation (Chang et al., 2010; 

Hawiger and Musser, 2011; Iwashyna et al., 2010; Stevenson et al., 2014). The development 

of more effective treatments for sepsis likely requires additional knowledge of host 

responses and pathogenic mechanisms activated at earlier stages of disease onset.

At later disease stages, sepsis can appear as a stereotypical disease process of uncontrolled 

inflammation and coagulopathy. Several identified host factors and cytokines drive 

inflammatory tissue and vascular injury, but their targeting has yet to lead to safe and 

effective therapies (Chaudhry et al., 2013; D’Elia et al., 2013; Schulte et al., 2013). Sentinel 
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events in the pathogenesis of human sepsis are not easily identified, as diverse patient groups 

are infected at unknown times by pathogens that sometimes evade clinical detection. Gram-

positive bacterial pathogens commonly identified in sepsis patients include Staphylococcus 
aureus (SA) and Streptococcus pneumoniae (SPN), while sepsis due to Gram-negative 

bacterial pathogens such as Escherichia coli (EC) and Salmonella spp. has increased in 

recent years accompanied by worrisome antibiotic resistance (Hartman et al., 2013; Vincent 

et al., 2009).

We developed a protocol for comparative studies of experimental sepsis in mice at early and 

later disease stages calibrated by specific post-infection times and blood pathogen colony-

forming unit (cfu) thresholds. This approach provided a reproducible data platform from 

which cross-comparisons were made using multiple Gram-positive and Gram-negative 

bacterial pathogens and different routes of infection. Our analysis revealed a common 

mechanism of host protection unique to the Gram-negative infections studied, involving the 

regulated half-lives of circulating enzymes capable of detoxifying bacterial 

lipopolysaccharide (LPS). However, this host-protective mechanism stands at risk of 

pathogen subversion, resulting in severe inflammation and increased mortality in established 

sepsis. Efforts to bolster this protective mechanism reduced disease pathophysiology and 

mortality, suggesting a pharmacological target in a subset of infections to counteract the 

pathogenesis of sepsis at its early stages.

RESULTS

Acquired and selective deficiency of alkaline phosphatase in the pathogenesis of murine 
sepsis

Experimental analysis of bacterial sepsis was undertaken in the murine model, where 

genomic signatures of inflammatory responses were recently shown to closely correlate to 

those of humans (Takao and Miyakawa, 2015). Although cecal ligation and puncture (CLP) 

is the most frequently used experimental sepsis model, we chose not to use CLP for multiple 

reasons. CLP generates polymicrobial infections, which represent a small subset of human 

sepsis cases, typically much less than 10% among populations surveyed (Lin et al., 2010; 

Pammi et al., 2014). CLP can also generate variable results depending on ligation length, 

quantity and quality of intestinal perforations, and different numbers of Gram-negative and 

Gram-positive bacteria released from the lumen of the intestine (Dejager et al., 2011; 

Singleton and Wischmeyer, 2003). Sepsis resulting from CLP can evolve to become either 

Gram-positive or Gram-negative, while the precise identification and titers of the pathogens 

involved are rarely possible to obtain and monitor. We therefore compared host response 

patterns and disease outcomes separately among five different bacterial pathogen isolates 

identified from invasive human infections. These included two common Gram-negative 

bacterial pathogens, EC and Salmonella enterica Typhimurium (ST), and two preeminent 

Gram-positive bacterial pathogens, SPN and SA; for the latter, both methicillin-sensitive 

(MSSA) and methicillin-resistant (MRSA) strains were tested. For all bacterial strains, 

disease severity and mortality were directly proportional to increased bacterial cfu in the 

bloodstream. We thus applied criteria for data inclusion in comparative sepsis 
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pathophysiology analyses involving attainment of minimum and maximum thresholds of 

blood cfu at specified times post-infection.

Sepsis caused by the Gram-negative bacterial pathogens EC and ST was linked to an 

unexpected reduction of alkaline phosphatase (AP) activity measured at approximately 50% 

of normal by blood chemistry analyses. This reduction was associated with similarly 

decreased abundance of both tissue nonspecific alkaline phosphatase (TNAP) and intestinal 

alkaline phosphatase (IAP) (Figures 1A–1D). TNAP has been found to control bone 

mineralization and IAP functions in fat absorption through the intestinal epithelium as well 

as protection against colitis (Narisawa et al., 1997 and 2003; Parlato et al., 2018; Yang et al., 

2017). TNAP is produced by a variety of cell types including those in bone, liver, and 

kidney, while IAP is secreted exclusively by enterocytes of the small intestine (Millán, 

2006). Alkaline phosphatase isozymes further include Placental alkaline phosphatase 

(PLAP) and Germ cell alkaline phosphatase (GCLP) in human and Embryonic alkaline 

phosphatase (EAP) in mouse (Millán, 2006); however, these other isozymes are not found in 

the blood stream and were not analyzed in our studies. In contrast to sepsis caused by EC or 

ST pathogens, there was no change to blood AP activity and AP isozyme abundance in 

sepsis resulting from infections of Gram-positive Streptococcal or Staphylococcal bacterial 

pathogens SPN or MRSA (Figures 1E–1H); as well as the related Staphylococcal isolate 

MSSA (Figures S1A and S1B).

The impact of reduced AP levels in the host during sepsis caused by EC or ST infections 

was probed by intravenous (i.v.) pharmacological restoration of AP activity using calf IAP 

(cIAP). AP activity is known to de-toxify the Gram-negative bacterial endotoxin 

lipopolysaccharide (LPS) through de-phosphorylation of the lipid A moiety (Bates et al., 

2007; Beumer et al., 2003; Koyama et al., 2002; Poelstra et al., 1997; Tuin et al., 2006). The 

toxic form of LPS contains two phosphate groups coupled to glucosamines; removal of a 

single phosphate group by AP activity is sufficient to generate a monophosphoryl lipid A 

that is a 100-fold less toxic than fully phosphorylated LPS (Bentala et al., 2002; Park et al., 

2009; Schromm et al., 1998). Both TNAP and IAP can de-phosphorylate and de-toxify LPS 

(Pettengill et al., 2017); however, the specific phosphate(s) hydrolyzed are not currently 

defined. We measured LPS-phosphate levels using the malachite green phosphate assay and 

compared findings to total LPS in the contexts of AP reduction and cIAP treatment. Our 

findings revealed that decreased LPS-phosphate was linked to increased AP activity 

provided by either endogenous or exogenous sources (Figures 1I–1L). cIAP administration 

further reduced blood inflammatory cytokine levels and markedly improved mouse survival 

following infection with the EC and ST pathogens (Figures 1M–1P). In contrast, cIAP 

treatment did not alter inflammatory cytokine expression or frequencies of mortality during 

sepsis caused by Gram-positive SPN, MRSA, or MSSA pathogens (Figures 1Q–1V; Figures 

S1C–S1E). The reduction of AP activity was not dependent upon the route of infection as 

ST infection elicited by direct intraperitoneal (i.p.) infection resulted in a more rapid disease 

course than orogastric challenge while yielding similar but earlier reductions of AP levels 

requiring more rapid cIAP replacement therapy (Figures S1F–S1K).
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Accelerated molecular aging of AP isozymes and clearance by the Ashwell-Morell 
Receptor

Given the importance of AP abundance and activity in protecting the host during sepsis 

caused by Gram-negative EC and ST pathogens, we sought to identify the mechanism(s) 

governing TNAP and IAP regulation. Reductions of TNAP and IAP protein abundance 

occurred without diminished mRNA levels in tissues known to produce these isozymes 

(Figures S2A and S2B). Rather, the half-lives of both TNAP and IAP in blood circulation 

were significantly reduced (Figures 2A and 2B). By contrast, TNAP and IAP half-lives were 

unaltered in sepsis caused by SPN and MRSA (Figures 2C and 2D) consistent with retention 

of normal AP activity. TNAP and IAP are glycoprotein enzymes synthesized in the secretory 

pathway of cells and glycosylated prior to secretion (Millán, 2006). Sepsis caused b y EC 
and ST reduced MAL-II lectin binding to a subset of total sialic acids, coincident with 

increased exposure of underlying endocytic galactose linkages detected by ECA and RCA 

lectins (Figures 2E and 2F). No changes involving a subset of α2–6-linked sialic acids or 

core 1 O-glycan sialylation were detected using the SNA and PNA lectins, respectively. 

Neither TNAP nor IAP underwent similar glycan remodeling during sepsis caused by SPN 
or MRSA (Figures S2C and S2D) with retention of normal AP isozyme half-lives and 

abundance.

We suspected that one or more host endocytic lectin receptor(s), likely to include the hepatic 

Ashwell-Morell receptor (AMR) (Ashwell and Morell, 1974), may be involved in the 

accelerated clearance of de-sialylated TNAP and IAP enzymes in the context of sepsis. In 

normal uninfected animals, the multimeric AMR binds to de-sialylated multivalent glycan 

ligands bearing terminal galactose linkages, including those on TNAP and IAP, thereby 

regulating their half-lives and abundance by this homeostatic and clearance mechanism 

(Yang et al., 2015). We observed that mice with a genetic deficiency of either the Asgr1 or 

Asgr2 chain of the AMR maintained elevated circulating AP activity and half-lives even 

during sepsis caused by EC or ST (Figures 2G–2J) and which was linked to the elevated 

abundance of circulating TNAP and IAP (Figures 2K and 2L). In the normal liver 

parenchyma, TNAP and IAP are mostly co-localized with Asgr1 and Asgr2 chains of the 

AMR, while their abundance in the liver is increased in sepsis caused by ST infection as 

well as being diminished in the absence of either AMR chain (Figure S3). This is consistent 

with the increased half-lives and abundance of de-sialylated TNAP and IAP isozymes 

circulating in AMR deficiency.

Elevated AP isozymes in AMR deficiency protect the host during sepsis caused by Gram-
negative EC and ST pathogens

Elevated bloodstream AP activity in AMR deficiency increased the ratio of de-

phosphorylated to phosphorylated LPS during EC or ST sepsis concurrent with reduced 

inflammatory cytokine levels in circulation (Figures 2M–2P). In stark contrast to a 

protective role for host AMR function in SPN sepsis (Grewal et al., 2008 and 2013), AMR 

deficiency reduced animal mortality in sepsis caused by EC or ST (Figures 2Q and 2R). 

Selective inhibition of TNAP activity using the pharmacological inhibitor SBI-425 (Dahl et 

al., 2009; Pinkerton et al., 2018; Sheen et al., 2015) reduced total serum AP activity levels 

by over 70% on average among wild-type mice and their Asgr-null littermates, consistent 
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with higher TNAP levels in circulation compared with IAP (Figures 3A and 3B). In sepsis 

caused by EC or ST pathogens, SBI-425 treatment of AMR-deficient mice similarly 

increased disease signs in measurements of LPS-phosphate levels, inflammation markers, 

and frequencies of survival (Figures 3C–3H), indicating a strong contribution of the TNAP 

isozyme to host protection. Among WT mice, there was a trend of increased disease signs 

measured with TNAP inhibition that did not acquire statistical significance. This likely 

reflects an overlapping role of IAP in normal host protection, which although expressed at 

much lower levels has a higher specific activity towards LPS (Kiffer-Moreira et al., 2014). 

We investigated further using Akp3-null mice (Narisawa et al., 2003) and observed the 

greatest loss of AP activity in IAP deficiency occurred in the presence of SBI-425, which 

combined to promote disease and mortality to an extent that Asgr-null mice were unable to 

survive sepsis caused by the ST pathogen (Figure 3I–3L). AP activity levels among normal 

uninfected mice and their persistent elevation obtained by AMR deficiency conferred host 

protection in our sepsis protocols, while further AP augmentation among Asgr-null mice 

resulted in marginal improvement (Figures 3M and 3N). In sepsis caused by SPN or MRSA, 

AMR deficiency had no protective effect and instead appeared to shorten survival times 

similar to that reported previously using SPN (Grewal et al., 2008), suggesting that further 

studies may find AMR function to be protective to the host in Staphylococcal sepsis (Figures 

3O and 3P). These findings together show that elevated AP levels in AMR deficiency are 

protective in sepsis caused by Gram–negative EC and ST, but not in sepsis caused by Gram–

positive SPN or MRSA, and that both TNAP and IAP enzymes have host–protective roles in 

the former context.

ST3Gal6 maintains AP abundance in providing host protection

Sialylation of TNAP and IAP occurs during their transit through the secretory pathway. 

Secreted proteins in the blood lose sialic acid linkages at distinct and measurable rates as 

they age in the presence of neuraminidase activity, resulting in their endocytic clearance by 

lectins such as the AMR (Yang et al., 2015). Among various sialyltransferase-deficient mice 

studied, those lacking the ST3Gal6 sialyltransferase had diminished blood AP activity with 

corresponding deficits of TNAP and IAP abundance (Figures 4A and 4B), while TNAP or 

IAP mRNA levels were unaltered (Figure S4A). Reduced AP activity in ST3Gal6 deficiency 

was further linked to a reduction of sialic acid linkages on TNAP and IAP, coincident with 

increased exposure of underlying galactose linkages and diminished half-lives of both 

isozymes (Figures 4C and 4D).

Sepsis caused by EC or ST infection further diminished AP activity and TNAP and IAP 

abundance in ST3Gal6 deficiency, wherein glycan remodeling evidenced by diminished 

sialic acid linkages and unmasked galactose linkages was further amplified (Figures 4E–4J). 

Moreover, ST3Gal6 deficiency contributed to marked reductions of TNAP and IAP half-

lives during sepsis (Figures 4K and 4L). Augmentation with cIAP boosted blood AP activity 

levels among St3gal6-null mice and lowered the phosphorylation level of LPS during sepsis 

with reduced inflammatory cytokine levels and improved host survival (Figures 4M–4T). In 

contrast, frequencies of death were unaltered among St3gal6-null mice in sepsis caused by 

Gram-positive SPN or SA (Figures S4B and S4C). The opposing effects of ST3Gal6 

(glycoprotein sialylation) and the AMR (endocytic clearance of de-sialylated glycoproteins) 
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were further investigated in mice genetically deficient in both components. The AMR effect 

was dominant as expected with continued elevation of AP activity and increased abundance 

of TNAP and IAP bearing diminished sialic acid linkages in ST3Gal6 co-deficiency, 

coincident with increased frequencies of host survival (Figures S4D–S4I). These findings 

indicated an interaction between ST3Gal6 and the AMR in controlling AP homeostasis and 

host protection in sepsis caused by Gram-negative EC and ST pathogens. How EC and ST 
trigger a reduction of sialic acid linkages on circulating TNAP and IAP in compromising 

this mechanism of host protection was next investigated.

Toll-like receptor-4 (TLR4)-dependent induction of host neuraminidases in sepsis caused 
by Gram-negative EC and ST pathogens

Neuraminidase (Neu) activity cleaves sialic acid linkages thereby exposing underlying 

galactose ligands of the AMR among host glycoproteins. Some neuraminidases are encoded 

by pathogens as virulence factors; however, no neuraminidases reside in the genomes of the 

EC and ST isolates used herein (Fueroa-Bossi et al., 2001; Russo et al., 1990; Vimr and 

Troy, 1985). The de-siaylation of TNAP and IAP during sepsis therefore implied the 

presence and induction of host Neu activity with consequent decreased AP isozyme 

abundance leading to increases of LPS-phosphate and resulting Toll-like receptor-4 (TLR4) 

activation of innate immune responses causing inflammation (Beutler, 2000; Poltorak et al., 

1998).

We detected the presence of a TLR4-dependent mechanism that elevated blood Neu activity 

during sepsis caused by ST and EC (Figures 5A and 5B). Among the four Neu isozymes 

encoded by mammalian genomes (Neu1–4), only Neu1 and Neu3 have been detected in 

blood circulation (Yang et al., 2015). Both Neu1 and Neu3 are widely expressed among cell 

types and may be secreted into circulation by multiple mechanisms including lysosomal, 

exosomal, or proteolytic mechanisms. In sepsis caused by EC or ST infections, the 

expression of both Neu1 and Neu3 in circulation were induced in a TLR4 dependent manner 

(Figures 5C and 5D). In contrast, elevated blood Neu activity detected in SPN sepsis was 

independent of TLR4 function and occurred without changes in the abundance of Neu1 and 

Neu3, consistent with expression of the pathogen-encoded neuraminidase, NanA (Grewal et 

al., 2008) (Figures 5E and 5F). No changes were found in overall Neu activity or the 

abundance of circulating Neu1 and Neu3 in similar studies with MRSA (ikkj ). TLR4-

dependent reductions of AP activity and abundance in sepsis caused by Gram-negative EC 
and ST pathogens were linked to diminished TNAP and IAP half-lives in circulation, 

concurrent with reductions of sialic acid linkages and exposure of underlying galactose 

ligands (Figures 5I and 5J; Figures S5A– S5D). TLR4 deficiency was further associated 

with reductions of both phosphate levels on circulating LPS and inflammatory cytokine 

expression (Figures 5K–5N). Moreover, the frequency of survival was significantly 

increased in the absence of TLR4 function (Figures 5O and 5P) while cIAP treatment of the 

TLR4-deficient mice had no additional protective effect (Figures S5E and S5F). These 

findings reveal a TLR4-dependent mechanism that elevates host Neu1 and Neu3 levels in 

circulation during sepsis caused by Gram-negative EC or ST infections, consequently 

diminishing AP activity, reducing TNAP and IAP abundance, promoting inflammation, and 

increasing mortality.
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LPS recapitulates host TLR4-dependent Neu induction in provoking pathogenesis

The suspected role of LPS produced by Gram-negative EC and ST pathogens in TLR4-

dependent induction of host Neu1 and Neu3 was probed. Intraperitoneal administration of E. 
coli LPS obtained from commercial sources resulted in elevated Neu activity in circulation 

in a TLR4-dependent manner coincident with increased abundance of Neu1 and Neu3 

(Figures 5Q and 5R). LPS administration reduced circulating AP activity and diminished 

TNAP and IAP levels (Figure 5S) without altering TNAP or IAP transcript abundance, while 

instead diminishing half-lives of AP isozymes in circulation with exposure of underlying 

endocytic galactose linkages (Figure 5T; Figures S6A–S6C). Phosphorylated LPS and 

inflammatory cytokine expression were concurrently increased in the presence of TLR4 

function, while TLR4 deficiency resulting in reduced LPS-phosphate levels, diminished 

inflammatory cytokine induction, and increased frequencies of host survival (Figures 5U–

5W). Augmentation of AP activity by cIAP treatment was further therapeutic in the LPS 

challenge model (Figures S6D–S6G). Similarly, elevated AP levels in AMR deficiency 

lessened susceptibility to LPS with reduced LPS–phosphate, diminished inflammatory 

cytokine expression, and improved host survival (Figures S6H–S6L). Correspondingly, 

ST3Gal6 deficiency increased susceptibility to LPS toxicity, with further reductions of AP 

activity and isozyme half-lives resulting in increased LPS–phosphate, elevated inflammatory 

cytokine expression, and reduced host survival, all of which were modulated as expected by 

cIAP treatment or by AMR co–deficiency (Figures S6M–S6S).

Neu inhibition sustains AP function and limits LPS-mediated pathology in sepsis

The induction of host Neu activity by LPS and TLR4 was linked to increased inflammatory 

cytokine expression and mortality, implying that Neu inhibitors may be of therapeutic value 

in sepsis caused by the Gram-negative EC and ST pathogens. We investigated whether Neu 

inhibitors representing anti-viral compounds and marketed drugs including 2,3-dehydro-2-

deoxy-N-acetylneuraminic acid (DANA) and Zanamivir (tradename Relenza) could 

maintain AP levels and thereby provide host protection.

DANA or Zanamivir were administered immediately following EC or ST infections and 

every 24 h thereafter. Marked inhibition of blood Neu activity was achieved with either 

inhibitor, resulting in circulating Neu activity levels comparable to uninfected animals, and 

which coincided with retentions of basal AP activity, TNAP and IAP abundance, and sialic 

acid linkages (Figures 6A–6H). Treatment with DANA or Zanamivir also lowered 

circulating levels of LPS–phosphate during sepsis, blunting inflammatory cytokine 

expression and markedly improving host survival (Figures 6I–6N). Notably, inhibition of 

circulating Neu activity during SPN or MRSA sepsis did not significantly affect disease 

markers including AP levels, inflammatory cytokines, and survival (Figures 6O–6R). Similar 

studies of Neu inhibition in LPS administration further revealed therapeutic effects linked to 

the retention of sialic acid linkages, circulating AP levels, LPS de-phosphorylation, reduced 

inflammatory cytokines, and increased host survival (Figure S7). These findings together 

indicate the presence of a mechanism of host protection against sepsis caused by Gram-

negative EC and ST pathogens that is dysregulated by signals linked to TLR4 function and 

which can be reinforced by AP augmentation or Neu inhibition.
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DISCUSSION

Originating from infections caused by disparate agents including bacteria, fungi, and 

viruses, host responses in sepsis commonly elicit excessive inflammation and coagulopathy 

that determine pathological severity and mortality (Stearns-Kurosawa et al., 2011). 

Commonalities identified in the pathways driving tissue injury and organ dysfunction have 

not precluded the potential for distinct pathogenic mechanisms operating at the onset of host 

responses to specific microbes, the identification of which may provide stratification to 

guide individualized therapeutic interventions prior to the manifestation of severe disease. 

From our comparative studies of distinct Gram-positive bacterial pathogens such as SPN and 

SA and Gram-negative bacterial pathogens such as EC and ST, we have identified a selective 

mechanism of host protection against LPS toxicity that is targeted by Gram-negative EC and 

ST pathogens. EC is a common cause of human sepsis worldwide, with increasing problems 

of antibiotic resistance (Poolman and Wacker, 2016) while nontyphoidal ST is a leading 

cause of bacteremia in sub-Saharan Africa with an associated case mortality of 25% (de 

Jong et al., 2012; Feasey et al., 2012). In more developed countries recurrent ST infections 

are a leading cause of food poisoning and may increase the potential for the development of 

colitis (Yang et al., 2017). In the present study, we found that ST and EC pathogens 

selectively target and disrupt a mechanism of host protection by activating TLR4 to increase 

circulating levels of Neu1 and Neu3, implicating similar pathogenic mechanisms as 

operating in sepsis and colitis. Elevated Neu activity accelerated the molecular aging and 

endocytic clearance of circulating anti-inflammatory isozymes TNAP and IAP by the 

hepatic AMR, diminishing the host capacity for LPS de-phosphorylation and de-toxification, 

and thereby promoting TLR4-dependent inflammation with reduced likelihood of host 

survival.

Using pharmacological and genetic approaches to discriminate among AP isozyme function, 

we determined that both TNAP and IAP contributed substantially to host protection against 

LPS toxicity in sepsis. Failure of the host to establish or maintain post-translational control 

of AP isozyme abundance in the blood had severe consequences and could also manifest by 

ST3Gal6 sialyltransferase deficiency with failure to adequately sialylate AP isozymes during 

isozyme synthesis, while in contrast, AMR deficiency was strongly protective by 

maintaining high levels of AP isozymes that would normally have been cleared following 

de-sialylation with increased molecular age. Notably, this contrasts with AMR function in 

providing host protection during SPN sepsis (Grewal et al., 2008 and 2013), and together 

placing the AMR at a nexus of host response pathways influencing the outcomes of sepsis.

Differences detected in responses of the host to sepsis caused by Gram-positive SPN and SA 
pathogens compared with Gram-negative EC and ST pathogens centered in this study on the 

regulation of circulating host neuraminidases. The functions of mammalian neuraminidases 

and other glycosidases present in the bloodstream are under increased scrutiny and have 

been recently shown to contribute to an intrinsic mechanism of protein aging involving rates 

of de-sialylation that generate endocytic lectin ligands in determining protein half-lives, 

abundance, and thereby function (Yang et al., 2015 and 2017). In previous studies of the host 

response to Gram-positive SPN sepsis, where de-toxification of LPS was not a 

consideration, the de-sialylation of platelets by the SPN NanA neuraminidase benefitted the 
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host in the context of sepsis. NanA-mediated platelet de-sialylation was detected by the host, 

resulting in AMR-dependent platelet clearance producing an essential moderate 

thrombocytopenia that moderated an otherwise invariably lethal form of disseminated 

intravascular coagulation (Grewal et al., 2008 and 2013). Neither of the Gram-positive SA 
strains studied herein, which both lack neuraminidase genes, caused an appreciable change 

in circulating Neu activity in the host. Moreover, AP augmentation had no untoward effects 

to the host during sepsis caused by Gram-positive SPN and SA pathogens studied. In 

contrast, the increase in circulating Neu1 and Neu3 caused by Gram-negative ST and EC 
pathogens in the presence of host TLR4 accelerated the rate of TNAP and IAP de-sialylation 

increasing AMR-dependent clearance, impairing LPS de-toxification, and thereby elevating 

TLR4-dependent inflammation. The de-phosphorylation of LPS by AP activity was only 

therapeutic in the context of TLR4 function and thus AP was beneficial to WT but not 

TLR4-deficient hosts. Our results including maximal survival frequencies in these protocols 

support the view that there remain additional unidentified mechanisms unrelated to AP 

modulation that are also involved in the pathogenesis of Gram–negative sepsis.

Discoveries of dissimilar biomarkers elicited early in host responses to different pathogens 

may begin to stratify sepsis patients for earlier targeted treatment approaches that block the 

emergence of common downstream pathologies spanning hyperinflammation, thrombosis, 

and hypoperfusion. The clinical utility of unique pathogenic biomarkers will likely depend 

upon advances in patient fluid culture-independent diagnostic modalities to confirm 

pathogen locations and identities early in the presentation of sepsis. We have identified a 

post-translational mechanism of AP isozyme regulation that is targeted by Gram-negative 

EC and ST bacterial pathogens early in the onset and progression of sepsis. The resulting 

disruption of host protection by acquired AP deficiency increased host sensitivity to the 

bacterial LPS toxin through TLR4-mediated inflammation. Therapeutic intervention to 

maintain normal AP abundance by AP augmentation or by Neu inhibition were each highly 

effective in suppressing TLR4-dependent inflammation and reducing mortality. Clinical 

trials with AP augmentation in humans have similarly indicated anti-inflammatory effects in 

the settings of post-cardiopulmonary surgery, ulcerative colitis, and sepsis, while genetic 

deficiency of IAP in humans has been linked with colitis (Heemskerk et al., 2009; Kats et 

al., 2009; Lukas et al., 2010; Parlato, et al., 2018; Peters et al., 2015; Pickkers et al., 2012). 

Clinical approaches to block TLR4 signaling for therapeutic benefit have been unsuccessful 

thus far. Neither the LPS analog Eritoran nor the small molecule TAK-242 were able to 

reduce inflammatory cytokine responses and alter outcomes in patients diagnosed with 

sepsis (Opal et al., 2013; Rice et al., 2010). This may reflect difficulties in the therapeutic 

delivery of each compound or the possibility that human TLR4 complexes are structurally 

dissimilar from those in the mouse wherein each compound was primarily tested. Impeding 

TLR4 signaling in sepsis by AP-mediated de-phosphorylation of LPS represents a cogent 

therapeutic approach wherein Gram– negative pathogens otherwise dismantle this 

mechanism of host protection by depleting anti-inflammatory AP isozymes.

Supplementary Material

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

• The pathophysiology of sepsis can be stratified by pathogens and host 

responses

• Host neuraminidases induced by LPS activation of TLR4 accelerate AP 

clearance mechanisms

• The Ashwell-Morell receptor and ST3Gal6 antagonistically participate in AP 

homeostasis

• Neuraminidase inhibition and AP augmentation therapeutically diminish 

TLR4 downstream pathology
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Figure 1. Pathogen-selective reduction of host anti-inflammatory alkaline phosphatase.
(A, C, E, G) Total alkaline phosphatase (AP) activity measured in wild-type C57BL/6 (WT) 

mouse serum after intraperitoneal (i.p.) infection with EC (107 cfu), oral infection with ST 
(107 cfu), i.p. infection with SPN (104 cfu), or intravenous (i.v.) infection with MRSA (108 

cfu).

(B, D, F, H) Identical amounts of WT mouse serum protein (20 µg) were separated by SDS-

PAGE and analyzed by protein staining with Coomassie brilliant blue (CBB) or by Western 

blotting with TNAP– and IAP–specific antibodies after infection with EC, ST, SPN, or 

MRSA. Quantification of the relative abundance of each AP isoform is plotted.

(I, J, Q, T) Serum AP activity of WT mice receiving i.v. injections of cIAP (75 U/kg) at 

indicated times (arrows) following infection with EC, ST, SPN, or MRSA.

(K and L) LPS abundance and phosphate amount released from LPS in serum of WT mice 

24 h after EC infection or 8 d after ST infection in the presence or absence of cIAP.

(M, N, R, U) Serum inflammatory cytokine expression of WT mice receiving i.v. injections 

of cIAP following infection with EC, ST, SPN, or MRSA.

(O, P, S, V) Survival of WT mice receiving i.v. injections of cIAP at indicated times (arrows) 

following infection with EC, ST, SPN, or MRSA.
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(A–N, Q, R, T, U) n = 6 per condition. (O and S) n = 12–15 per condition. (P) n = 25 per 

condition. (V) n = 10 per condition. Data are presented as means ± SEM from two 

independent experiments.
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Figure 2. Accelerated aging and turnover of AP and the role of the AMR in maintaining AP 
levels.
(A–D) Half-life analyses of TNAP and IAP proteins in circulation of WT mouse serum 24 h 

after i.p. infection with EC (107 cfu), day 8 after oral infection with ST (107 cfu), 24 h after 

i.p. infection with SPN (104 cfu), 24 h after i.v. infection with MRSA (108 cfu) following 

biotinylation.

(E and F) Lectin blotting analyses are presented from identical amounts of TNAP and IAP 

isolated from WT mouse serum after i.p. infection with EC (107 cfu) or oral infection with 

ST (107 cfu).
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(G and H) Total AP activity measured in AMR-deficient mouse serum after i.p. infection 

with EC or oral infection with ST. AMR is encoded by the Asgr1 and Asgr2 genes.

(I and J) Half-life analyses of TNAP and IAP proteins in circulation of AMR-deficient 

mouse serum 24 h after infection with EC or day 8 after infection with ST following 

biotinylation.

(K and L) TNAP and IAP abundance in AMR-deficient mouse serum after i.p. infection with 

EC or oral infection with ST.

(M and N) LPS abundance and phosphate amount released from LPS in serum of AMR-

deficient mice 24 h after EC infection or day 8 after ST infection.

(O and P) Serum inflammatory cytokine expression in AMR-deficient mouse serum 

following i.p. infection with EC or oral infection with ST.

(Q and R) Survival of AMR-deficient mice following i.p. infection with EC or oral infection 

with ST.

(A–D, I, J) n = 8 per condition. (E–H, K–P) n = 6 per condition. (Q) n = 20 per condition. 

(R) n = 40 per condition. Data are presented as means ± SEM from two independent 

experiments.
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Figure 3. Effects of AP inhibition in AMR deficiency and sepsis.
(A and B) Total AP activity measured in the serum of indicated genotypes after oral 

infection with ST (107 cfu) or i.p. infection with EC (107 cfu) in the absence and presence of 

TNAP inhibitor SBI-425 (10 mg/kg) at indicated times (arrows).

(C and D) LPS abundance and phosphate amount released from LPS in serum of indicated 

genotypes 8 d after ST infection or 24 h after EC infection in the presence or absence of 

SBI-425.
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(E and F) Serum inflammatory cytokine expression of indicated genotypes after oral 

infection with ST (107 cfu) or i.p. infection with EC (107 cfu) in the absence and presence of 

SBI-425.

(G) Survival of indicated genotypes following oral infection with ST (106 cfu) or i.p. 

infection with EC (107 cfu) in the absence and presence of SBI-425 (arrows).

(I) Total AP activity measured in the serum of indicated genotypes 24 h after i.p. injection 

with SBI-425.

(J) Serum inflammatory cytokine expression of indicated genotypes 8 d after oral infection 

with ST (107 cfu) in the absence and presence of SBI-425.

(K and L) Survival of indicated genotypes following oral infection with ST (106 cfu) in the 

absence and presence of SBI-425 at indicated times (arrows).

(M and N) Survival of AMR-deficient mice receiving i.v. injections of cIAP (75 U/kg) at 

indicated times (arrows) following oral infection with ST (107 cfu) or i.p. infection with EC 
(107 cfu).

(O and P) Survival of AMR-deficient mice following i.p. infection with SPN (104 cfu) or i.v. 

infection with MRSA (108 cfu).

(A–F) n = 6 per condition. (G, H, K, L) n = 20–25 per condition. (I) n = 10 per condition. (J) 

n = 8 per condition. (M–P) n = 10–12 per condition. Data are presented as means ± SEM 

from two independent experiments.
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Figure 4. Role of AP sialylation by ST3Gal6 sialyltransferase in isozyme homeostasis.
(A and B) Total AP activity and TNAP and IAP abundance measured in ST3Gal6-deficient 

mouse serum. ST3Gal6 is encoded by the St3gal6 gene.

(C) Lectin blotting analyses are presented from identical amounts of TNAP and IAP isolated 

from sera of ST3Gal6-deficient mice.

(D) Half-life analyses of TNAP and IAP glycoproteins in circulation of ST3Gal6-deficient 

mouse serum following biotinylation.
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(E–H) Total AP activity and TNAP and IAP abundance measured in ST3Gal6-deficient 

mouse serum after i.p. infection with EC (107 cfu) or oral infection with ST (107 cfu).

(I and J) Lectin binding on TNAP and IAP proteins isolated from ST3Gal6-deficient mouse 

serum after infection with EC (107 cfu) or ST (107 cfu).

(K and L) Half-life analyses of TNAP and IAP glycoproteins in circulation of ST3Gal6-

deficient mouse serum 24 h after infection with EC (107 cfu) or day 8 after infection with ST 
(107 cfu) following biotinylation.

(M and N) Serum AP activity of ST3Gal6-deficient mice receiving i.v. injections of cIAP 

(75 U/kg) at indicated times (arrows) following infection with EC (107 cfu) or ST (107 cfu).

(O and P) LPS abundance and phosphate amount released from LPS in serum of ST3Gal6-

deficient mice 24 h after EC infection (107 cfu) or day 8 after ST infection (107 cfu) in the 

presence or absence of cIAP.

(Q and R) Serum inflammatory cytokine expression in ST3Gal6-deficient mouse serum 

following infection with EC (107 cfu) or ST (107 cfu).

(S and T) Survival of ST3Gal6-deficient mice receiving i.v. injections of cIAP at indicated 

times (arrows) following infection with EC (107 cfu) or ST (5 × 10 5 cfu).

(A, C, E–J, M–R) n = 6 per condition. (B, D, K, L) n = 8 per condition. (S) n = 12 per 

condition. (T) n = 20 per condition. Data are presented as means ± SEM from two 

independent experiments.
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Figure 5. Inductions of host neuraminidases by TLR4 and LPS control AP sialylation and 
abundance in the pathophysiology of sepsis.
(A, B, E, G) Total neuraminidase (Neu) activity measured in TLR4-deficient mouse serum 

after i.p. infection with EC (107 cfu), oral infection with ST (107 cfu), i.p. infection with 

SPN (104 cfu), or i.v. infection with MRSA (108 cfu).

(C, D, F, H) Antibodies specific to Neu1, Neu2, Neu3, or Neu4 were used to detect Neu 

protein abundance in TLR4-deficient mouse serum after infection with EC, ST, SPN, or 

MRSA by Western blotting. Quantification of the relative abundance of each protein sample 

is plotted. (I and J) Total AP activity and TNAP and IAP abundance measured in TLR4-

deficient mouse serum after infection with EC or ST. (K and L) LPS abundance and 

phosphate amount released from LPS in serum of TLR4-deficient mice on 24 h after EC 
infection or day 8 after ST infection. (M and N) Serum inflammatory cytokine expression in 

TLR4-deficient mouse serum following infection with EC or ST. (O and P) Survival of 
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TLR4-deficient mice following infection with EC or ST. (Q and R) Total Neu activity and 

Neu1, 2, 3 and 4 abundance measured in TLR4-deficient mouse serum after i.p. injection 

with LPS (40 mg/kg; EC 0111:B4).

(S) Total AP activity and TNAP and IAP abundance in TLR4-deficient mouse serum after 

i.p. injection with LPS.

(T) Half-life analyses of TNAP and IAP glycoproteins in circulation of TLR4-deficient 

mouse serum 12 h after i.p. injection with LPS following biotinylation.

(U) LPS abundance and phosphate amount released from LPS in serum of TLR4-deficient 

mice 12 h after LPS injection.

(V) Serum inflammatory cytokine expression of TLR4-deficient mice following i.p. 

injection with LPS.

(W) Survival of TLR4-deficient mice following i.p. injection with LPS.

(A–N, Q–S, U, V) n = 6 per condition. (O and P) n = 12–15 per condition. (T) n = 8 per 

condition. (W) n = 20 per condition. Data are presented as means ± SEM from two 

independent experiments.

Yang et al. Page 25

Cell Host Microbe. Author manuscript; available in PMC 2019 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Effects of neuraminidase inhibitors in sepsis.
(A and B) Total Neu activity measured in WT mouse serum after i.p. infection with EC (107 

cfu) or oral infection with ST (107 cfu) in the absence or presence of the broad-spectrum 

neuraminidase inhibitor DANA (2,3-dehydro-2-deoxy-N-acetylneuraminic acid, 250 mg/kg, 

every 24 h) or Zanamivir (250 mg/kg, every 24 h).

(C–F) Total AP activity and TNAP and IAP abundance measured in WT mouse serum after 

infection with EC or ST in the absence or presence of DANA or Zanamivir.

(G and H) Lectin binding analyses of TNAP and IAP isolated from WT mouse serum after 

infection with EC or ST in the absence or presence of DANA or Zanamivir.
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(I and J) LPS abundance and phosphate amount released from LPS in serum of WT mice 24 

h after EC infection or day 8 after ST infection in the presence or absence of DANA or 

Zanamivir.

(K, L, O, Q) Serum inflammatory cytokine expression in WT mouse serum following 

infection with EC, ST, SPN, or MRSA in the absence or presence of DANA or Zanamivir.

(M, N, P, R) Survival of WT mice following infection with EC, ST, SPN, or MRSA in the 

absence or presence of DANA or Zanamivir.

(A–L, O, Q) n = 6 per condition. (M, P, R) n = 12 per condition. (N) n = 15 per condition. 

Data are presented as means ± SEM from two independent experiments.
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