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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 mu-
rine sepsis experimentally elicited by five bacterial
pathogens and report similarities among host re-
sponses 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 in-
duction. Elevated neuraminidase activity accelerated
the molecular aging and clearance of AP isozymes,
thereby intensifying disease.Mice deficient in the sia-
lyltransferase ST3Gal6 displayed increased disease
severity, while deficiency of the endocytic lectin
hepatic Ashwell-Morell receptor was protective. AP
augmentationor neuraminidase inhibitiondiminished
inflammation and promoted host survival. This study
illuminates distinct routes of sepsis pathogenesis,
which may inform therapeutic development.

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 thera-
pies 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 hyperin-
flammation (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 coagulop-
athy. 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 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 Salmo-
nella 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 experi-

mental 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 repro-
ducible 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 mecha-
nism 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.
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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 re-
sponses 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 as
well as 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 patho-
gens involved are rarely possible to obtain and monitor. We
therefore compared host response patterns and disease out-
comes separately among five different bacterial pathogen iso-
lates identified from invasive human infections. These included
two common Gram-negative bacterial pathogens, EC and
Salmonella enterica Typhimurium (ST), and two pre-eminent
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 cf.u in the bloodstream. We thus applied criteria for
data inclusion in comparative sepsis 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 tis-
sue-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 in
protection against colitis (Narisawa et al., 1997, 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 embry-
onic 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 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 (Petten-
gill 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 find-
ings 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 endoge-
nous or exogenous sources (Figures 1I–1L). cIAP administration
further reduced blood inflammatory cytokine levels and mark-
edly improved mouse survival following infection with the
EC and ST pathogens (Figures 1M–1P). In contrast, cIAP treat-
ment did not alter inflammatory cytokine expression or fre-
quencies of mortality during sepsis caused by Gram-positive
SPN, MRSA, or MSSA pathogens (Figures 1Q–1V and S1C–
S1E). The reduction of AP activity was not dependent upon the
route of infection, asST infection elicited by direct intraperitoneal
(i.p.) infection resulted in a more rapid disease course than oro-
gastric challenge while yielding similar but earlier reductions
of AP levels requiring more rapid cIAP replacement therapy (Fig-
ures S1F–S1K).

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 by EC and ST
reduced MAL-II lectin binding to a subset of total sialic acids,
coincident with increased exposure of underlying galactose link-
ages recognized by ECA andRCA lectins (Figures 2E and 2F). No
changes involving a subset of a2-6-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 (Fig-
ures S2C and S2D) with retention of normal AP isozyme half-lives
and abundance.
We suspected that one or more host endocytic lectin recep-

tor(s), likely to include the hepatic Ashwell-Morell receptor
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(AMR) (Ashwell and Morell, 1974), may be involved in the
accelerated clearance of de-sialylated TNAP and IAP en-
zymes 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 abun-
dance by an intrinsic homeostatic and clearance mechanism
(Yang et al., 2015). We observed that mice with a genetic defi-
ciency of either the Asgr1 or Asgr2 chain of the AMR main-
tained elevated circulating AP activity and half-lives during

sepsis caused by EC or ST (Figures 2G–2J), which was
linked to the elevated abundance of circulating TNAP and
IAP isozymes (Figures 2K and 2L). In the normal liver paren-
chyma, 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
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.

Figure 1. Pathogen-Selective Reduction of Host Anti-inflammatory Alkaline Phosphatase
(A, C, E, andG) Total alkaline phosphatase (AP) activity measured in wild-type C57BL/6 (WT)mouse serum after (A) intraperitoneal (i.p.) infection with EC (107 cfu),

(C) oral infection with ST (107 cfu), (E) i.p. infection with SPN (104 cfu), or (G) intravenous (i.v.) infection with MRSA (108 cfu).

(B, D, F, and H) Identical amounts of WT mouse serum protein (20 mg) 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 (B) EC, (D) ST, (F) SPN, or (H)MRSA. Quantification of the relative

abundance of each AP isoform is plotted.

(I, J, Q, and T) Serum AP activity of WT mice receiving i.v. injections of cIAP (75 U/kg) at indicated times (arrows) following infection with (I) EC, (J) ST, (Q) SPN, or

(T) MRSA.

(K and L) LPS abundance and phosphate amount released from LPS in serum ofWTmice (K) 24 hr after EC infection or (L) 8 days after ST infection in the presence

or absence of cIAP.

(M, N, R, and U) Serum inflammatory cytokine expression of WTmice receiving i.v. injections of cIAP following infection with (M) EC, (N) ST, (R) SPN, or (U)MRSA.

(O, P, S, and V) Survival of WT mice receiving i.v. injections of cIAP at indicated times (arrows) following infection with (O) EC, (P) ST, (S) SPN, or (V) MRSA.

In (A–N), (Q), (R), (T), and (U), n = 6 per condition. In (O) and (S), n = 12-15 per condition. In (P), n = 25 per condition. In (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 (A) 24 hr after i.p. infection with EC (107 cfu), (B) day 8 after oral infection with

ST (107 cfu), (C) 24 hr after i.p. infection with SPN (104 cfu), or (D) 24 hr 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 fromWTmouse serum after (E) i.p. infection with EC (107 cfu) or

(F) oral infection with ST (107 cfu).

(G and H) Total AP activity measured in AMR-deficient mouse serum after (G) i.p. infection with EC or (H) 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 (I) 24 h after infection with EC or (J) day 8 after infection with

ST following biotinylation.

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

(M and N) LPS abundance and phosphate amount released from LPS in serum of AMR-deficient mice (M) 24 hr after EC infection or (N) day 8 after

ST infection.

(legend continued on next page)
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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, 2013), AMR deficiency was protective 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
with higher TNAP levels in circulation compared with IAP (Fig-
ures 3A and 3B). In sepsis caused by EC or ST pathogens,
SBI-425 treatment of AMR-deficient mice similarly increased
disease signs inmeasurements of LPS-phosphate levels, inflam-
mation 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 signsmeasuredwith 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 that the
greatest loss of AP activity in IAP deficiency occurred in the
presence of SBI-425, which, as combined, promoted disease
and mortality to the extent that Asgr-null mice were unable to
survive sepsis caused by the ST pathogen (Figures 3I–3L). AP
activity levels among normal, uninfected mice and their persis-
tent elevation obtained by AMR deficiency conferred host pro-
tection in our sepsis protocols, while further AP augmentation
among Asgr-null mice resulted in 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 those reported previously using
SPN (Grewal et al., 2008); this suggests that further studies
may find AMR function to be protective to the host in Staphylo-
coccal 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 (Fig-
ures 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 AP iso-
zymes (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 present 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) were
further investigated inmice genetically deficient in both compo-
nents. 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
(Figueroa-Bossi et al., 2001; Russo et al., 1990; Vimr and Troy,
1985). The de-sialylation of TNAP and IAP during sepsis there-
fore 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 inflam-
mation (Beutler, 2000; Poltorak et al., 1998).

(O and P) Serum inflammatory cytokine expression in AMR-deficient mouse serum following (O) i.p. infection with EC or (P) oral infection with ST.

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

In (A–D), (I), and (J), n = 8 per condition. In (E–H) and (K–P), n = 6 per condition. In (Q), n = 20 per condition. In (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 (A) oral infection with ST (107 cfu) or (B) 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 (C) 8 days after ST infection or (D) 24 hr after EC infection in

the presence or absence of SBI-425.

(E and F) Serum inflammatory cytokine expression of indicated genotypes after (E) oral infection with ST (107 cfu) or (F) i.p. infection with EC (107 cfu) in the

absence and presence of SBI-425.

(legend continued on next page)
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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–Neu4), 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 lysosomal,
exosomal, or proteolytic mechanisms. In sepsis caused by
EC or ST infections, the expression of both Neu1 and Neu3
in circulation was induced in a TLR4-dependent manner
(Figures 5C and 5D). In contrast, elevated blood Neu
activity detected in SPN sepsis was independent of TLR4 func-
tion and occurred without changes in the abundance of Neu1
and Neu3, consistent with expression of the pathogen-en-
coded 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 (Figures 5G and 5H). TLR4-dependent reductions
of AP activity and abundance in sepsis caused by Gram-nega-
tive 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, 5J, and S5A–S5D). TLR4 deficiency was further
associated with reductions of 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 significant
additional protective effect (Figures S5E and S5F). These find-
ings 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.

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 ac-
tivity 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 dimin-
ished TNAP and IAP levels (Figure 5S) without altering TNAP or
IAP transcript abundance, instead diminishing half-lives of AP
isozymes in circulation with exposure of underlying endocytic
galactose linkages (Figures 5T and S6A–S6C). Phosphorylated
LPS and inflammatory cytokine expression were concurrently

increased in the presence of TLR4 function, while TLR4 defi-
ciency resulted 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 re-
sulting 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 TLR4was 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 inves-
tigated whether Neu inhibitors representing anti-viral com-
pounds 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 was administered immediately following

EC or ST infections and every 24 hr thereafter. Marked inhibi-
tion of blood Neu activity was achieved with either inhibitor;
this resulted in circulating Neu activity levels comparable to
uninfected animals, 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 low-
ered circulating levels of LPS-phosphate during sepsis, blunt-
ing inflammatory cytokine expression and markedly improving
host survival (Figures 6I–6N). Notably, inhibition of circulating
Neu activity during SPN or MRSA sepsis did not diminish dis-
ease marked by elevated inflammatory cytokines and reduced
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 pro-
tection against sepsis caused by Gram-negative EC and ST
pathogens that is dysregulated by signals linked to TLR4 func-
tion and that can be reinforced by AP augmentation or Neu
inhibition.

(G and H) Survival of indicated genotypes following (G) oral infection with ST (106 cfu) or (H) 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 hr after i.p. injection with SBI-425.

(J) Serum inflammatory cytokine expression of indicated genotypes 8 days 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 (M) oral infection with ST (107 cfu) or (N)

i.p. infection with EC (107 cfu).

(O and P) Survival of AMR-deficient mice following (O) i.p. infection with SPN (104 cfu) or (P) i.v. infection with MRSA (108 cfu).

In (A–F), n = 6 per condition. In (G), (H), (K), and (L), n = 20-25 per condition. In (I), n = 10 per condition. In (J), n = 8 per condition. In (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 (A) and TNAP and IAP abundance (B) 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.

(E and G) Total AP activity measured in ST3Gal6-deficient mouse serum after (E) i.p. infection with EC (107 cfu) or (G) oral infection with ST (107 cfu).

(F and H) TNAP and IAP abundance measured in ST3Gal6-deficient mouse serum after (F) i.p. infection with EC (107 cfu) or (H) 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 (I) EC (107 cfu) or (J) ST (107 cfu).

(K and L) Half-life analyses of TNAP and IAP glycoproteins in circulation of ST3Gal6-deficient mouse serum (K) 24 hr after infection with EC (107 cfu) or (L) on day 8

after infection with ST (107 cfu) following biotinylation.

(M andN) SerumAP activity of ST3Gal6-deficient mice receiving i.v. injections of cIAP (75 U/kg) at indicated times (arrows) following infection with (M) EC (107 cfu)

or (N) ST (107 cfu).

(O and P) LPS abundance and phosphate amount released from LPS in serum of ST3Gal6-deficient mice (O) 24 hr after EC infection (107 cfu) or (P) on 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 (Q) EC (107 cfu) or (R) ST (107 cfu).

(legend continued on next page)
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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, determining
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 path-
ogens such as SPN and SA and Gram-negative bacterial patho-
gens such as EC and ST, we have identified a selective mecha-
nism 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 anti-
biotic resistance (Poolman and Wacker, 2016) while nontyphoi-
dal 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 in-
crease 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 molec-
ular aging and endocytic clearance of circulating anti-inflamma-
tory isozymes TNAP and IAP by the hepatic AMR, diminishing
the host capacity for LPS de-phosphorylation and de-toxifica-
tion and thereby promoting TLR4-dependent inflammation with
reduced likelihood of host survival.

Using pharmacological and genetic approaches to discrimi-
nate 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 abun-
dance in the blood had severe consequences and could also
manifest by ST3Gal6 sialyltransferase deficiency with failure
to adequately sialylate AP isozymes during isozyme synthesis;
in contrast, AMR deficiency was strongly protective by mainte-
nance of 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),
together placing the AMR at a nexus of host response path-
ways differentially 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 func-
tions of mammalian neuraminidases and other glycosidases

are under increased scrutiny and have been recently shown to
contribute to an intrinsic mechanism of protein aging involving
rates of glycan remodeling including de-sialylation that generate
endocytic lectin ligands in determining secreted and cell surface
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 host in the context of sepsis.
NanA-mediated platelet de-sialylation was detected by the host,
resulting in AMR-dependent platelet clearance and 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 neur-
aminidase 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 the
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-depen-
dent clearance, impairing LPS de-toxification, and thereby
elevating TLR4-dependent inflammation. The de-phosphoryla-
tion of LPS by AP activity was only therapeutic in the context
of TLR4 function, and thus AP treatment was beneficial to WT
but not TLR4-deficient hosts. Our results, including maximal
survival frequencies in these protocols, also support the view
that additional unidentified mechanisms remain that are unre-
lated to AP modulation and are involved in the pathogenesis of
Gram-negative sepsis.
Discoveries of dissimilar biomarkers elicited early in host re-

sponses 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 modal-
ities to confirm pathogen locations and identities early in the
onset of sepsis. We have identified a post-translational mecha-
nism of AP isozyme regulation that is targeted by Gram-negative
EC andST bacterial pathogens early in the progression of sepsis.
The resulting disruption of host protection by acquired AP defi-
ciency 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-in-
flammatory effects in the settings of post-cardiopulmonary sur-
gery, 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

(S and T) Survival of ST3Gal6-deficient mice receiving i.v. injections of cIAP at indicated times (arrows) following infection with (S) EC (107 cfu) or (T) ST

(5 3 105 cfu).

In (A), (C), (E–J), and (M–R), n = 6 per condition. In (B), (D), (K), and (L), n = 8 per condition. In (S), n = 12 per condition. In (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, and G) Total neuraminidase (Neu) activity measured in TLR4-deficient mouse serum after (A) i.p. infection with EC (107 cfu), (B) oral infection with ST

(107 cfu), (E) i.p. infection with SPN (104 cfu), or (G) i.v. infection with MRSA (108 cfu).

(C, D, F, and H) Antibodies specific to Neu1, Neu2, Neu3, or Neu4 were used to detect Neu protein abundance in TLR4-deficient mouse serum after infection with

(C) EC, (D) ST, (F) SPN, or (H) 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 (I) EC or (J) ST.

(K and L) LPS abundance and phosphate amount released from LPS in serum of TLR4-deficient mice on (K) 24 hr after EC infection or (L) on day 8 after

ST infection.

(M and N) Serum inflammatory cytokine expression in TLR4-deficient mouse serum following infection with (M) EC or (N) ST.

(O and P) Survival of TLR4-deficient mice following infection with (O) EC or (P) ST.

(Q and R) Total Neu activity (Q) and Neu1, 2, 3 and 4 abundance (R) measured in TLR4-deficient mouse serum after i.p. injection with LPS (40mg/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 hr after i.p. injection with LPS following biotinylation.

(U) LPS abundance and phosphate amount released from LPS in serum of TLR4-deficient mice 12 hr 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.

In (A–N), (Q–S), (U), and (V), n = 6 per condition. In (O and P), n = 12–15 per condition. In (T), n = 8 per condition. In (W), n = 20 per condition. Data are presented as

means ± SEM from two independent experiments.
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to block TLR4 signaling for therapeutic benefit have been unsuc-
cessful thus far, however. Neither the LPS analog Eritoran nor the
small molecule TAK-242 were able to reduce inflammatory cyto-

kine responses and alter outcomes in patients diagnosed with
sepsis (Opal et al., 2013; Rice et al., 2010). This may reflect dif-
ficulties in the therapeutic delivery of each compound or the

Figure 6. Effects of Neuraminidase Inhibitors in Sepsis
(A and B) Total Neu activity measured inWTmouse serum after (A) i.p. infection with EC (107 cfu) or (B) oral infection withST (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 hr) or Zanamivir (250 mg/kg,

every 24 hr).

(C and D) Total AP activity measured in WT mouse serum after infection with (C) EC or (D) ST in the absence or presence of DANA or Zanamivir.

(E and F) TNAP and IAP abundance measured in WT mouse serum after infection with (E) EC or (F) 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 (G) EC or (H) ST in the absence or presence of DANA or

Zanamivir.

(I and J) LPS abundance and phosphate amount released from LPS in serum ofWTmice (I) 24 hr after EC infection or (J) on day 8 after ST infection in the presence

or absence of DANA or Zanamivir.

(K, L, O, Q) Serum inflammatory cytokine expression in WTmouse serum following infection with (K) EC, (L) ST, (O) SPN, or (Q)MRSA in the absence or presence

of DANA or Zanamivir.

(M, N, P, and R) Survival of WT mice following infection with (M) EC, (N) ST, (P) SPN, or (R) MRSA in the absence or presence of DANA or Zanamivir.

In (A–L), (O), and (Q), n = 6 per condition. In (M), (P), and (R), n = 12 per condition. In (N), n = 15 per condition. Data are presented as means ± SEM from two

independent experiments.
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possibility that human TLR4 complexes are structurally dissimi-
lar from those in the mouse, wherein each compound was
tested. Impeding TLR4 signaling in sepsis by AP-mediated de-
phosphorylation of LPS represents a cogent therapeutic
approach, wherein Gram-negative pathogens may otherwise
dismantle this mechanism of host protection by depleting anti-
inflammatory AP isozymes.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-TNAP Santa Cruz Biotechnology Cat #: sc-23430; RRID: AB_667751

Rabbit polyclonal anti-TNAP Abcam Cat #: ab65834; RRID: AB_1139987

Rabbit polyclonal IAP-specific antiserum Narisawa et al., 2003 N/A

Rabbit polyclonal Neu1 antibody Santa Cruz Biotechnology Cat #: sc-32936; RRID: AB_2298197

Goat polyclonal Neu2 antibody Santa Cruz Biotechnology Cat #: sc-168736; RRID: AB_10840952

Rabbit polyclonal Neu3 antibody Santa Cruz Biotechnology Cat #: sc-134931; RRID: AB_10609640

Goat polyclonal Neu4 antibody Santa Cruz Biotechnology Cat #: sc-161127; RRID: AB_2149077

Goat polyclonal ASGR1 antibody Santa Cruz Biotechnology Cat #: sc-13469; RRID: AB_2059810

Goat polyclonal ASGR2 antibody Santa Cruz Biotechnology Cat #: sc-13471; RRID: AB_2059821

FITC-conjugated goat anti-rabbit IgG Santa Cruz Biotechnology Cat #: sc-2090; RRID: AB_641179

Texas Red-conjugated rabbit anti-goat IgG Santa Cruz Biotechnology Cat #: sc-3919; RRID: AB_654579

Bacterial and Virus Strains

Salmonella enterica serovar Typhimurium CDC 6516-60 ATCC 14028

Escherichia coli FDA strain Seattle 1946 ATCC 25922

Streptococcus pneumoniae Serotype 2 strain D39 N/A

Staphylococcus aureus, methicillin-resistant CA-MRSA USA300 N/A

Staphylococcus aureus, methicillin-sensitive Newman N/A

Chemicals, Peptides, and Recombinant Proteins

HRP-conjugated Erythrina cristagalli lectin EY Laboratories Cat #: H-5901-1

HRP-conjugated Ricinus Communis Agglutinin-I lectin EY Laboratories Cat #: H-2001-1

HRP-conjugated Peanut Agglutinin lectin EY Laboratories Cat #: H-2301-1

HRP-conjugated Maackia amurensis-II lectin EY Laboratories Cat #: H-7801-1

HRP-conjugated Sambucus nigra lectin EY Laboratories Cat #: H-6802-1

Calf intestinal alkaline phosphatase Lee Biosolutions Cat #: 480-20

Calf intestinal alkaline phosphatase Invitrogen Cat #: 18009019

Amersham ECL Western Blotting Detection Reagent GE Healthcare Cat #: RPN2109

Coomassie brilliant blue G250 Bio-Rad Cat #: 1610406

N-hydroxysuccinimide-biotin Thermo Fisher Scientific Cat #: 21338

HRP-conjugated streptavidin BD Biosciences Cat #: 554066

3,30,5,50-Tetramethylbenzidine (TMB) Liquid Substrate Sigma-Aldrich Cat #: T0440

Proteinase K Promega Cat #: V3021

RNase A Invitrogen Cat #: 12091021

DNase I Invitrogen Cat #: 18047019

Purpald Sigma-Aldrich Cat #: 162892

Sodium periodate Sigma-Aldrich Cat #: 210048

Silver stain plus Bio-Rad Cat #: 1610449

p-nitrophenylphosphate (pNPP) alkaline phosphatase

liquid substrate

Sigma-Aldrich Cat #: P7998

Pierce monomeric avidin kit Thermo Fisher Scientific Cat #: 20227

2,3-dehydro-2-deoxy-N-acetylneuraminic acid Calbiochem Cat #: 252926

Zanamivir Sigma-Aldrich Cat #: SML0492

E. coli O111:B4 LPS Sigma-Aldrich Cat #: L4391

TRIzol Invitrogen Cat #: 15596026

10% buffered formalin Sigma-Aldrich Cat #: HT5014

Tissue-Tek OCT compound, Sakura Finetek VWR Cat #: 25608-930

(Continued on next page)
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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, Jamey D.
Marth (jmarth@sbpdiscovery.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Laboratory Animals
Animal experiments were carried out with adult 8–12-week-old mice and used equal numbers of male and female mice. All mice
analyzed were provided sterile pellet food and water ad libitum. Institutional Animal Care and Use Committees of the University of

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mayer’s hematoxylin solution Sigma-Aldrich Cat #: MHS16

Eosin Y solution Sigma-Aldrich Cat #: HT110116

Neuraminidase (from Arthrobacter ureafaciens) EY Laboratories Cat #: EC-32118-5

SBI-425, TNAP inhibitor Sheen et al., 2015 N/A

Critical Commercial Assays

VetScan Comprehensive Diagnostic Profile

reagent rotor

Abaxis Cat #: 500-0038

IL-1 beta mouse ELISA kit Thermo Fisher Scientific Cat #: KMC0011

IL-6 beta mouse ELISA kit Thermo Fisher Scientific Cat #: KMC0061

IFN gamma mouse ELISA kit Thermo Fisher Scientific Cat #: KMC4021

TNF alpha mouse ELISA kit Thermo Fisher Scientific Cat #: KMC3011

Malachite Green Phosphate Assay Kit BioAssay Systems Cat #: POMG-25H

Amplex Red Neuraminidase Assay Kit Thermo Fisher Scientific Cat #: A22178

NA-XTD Neuraminidase Assay Kit Applied Biosystems Cat #: 4457535

SuperScript III reverse transcriptase kit Invitrogen Cat #: 18080093

Brilliant SYBR green qPCR master mix kit Agilent Technologies Cat #: 600830

Experimental Models: Organisms/Strains

Asgr1–/– mice Soukharev et al., 1999 N/A

Asgr2–/– mice Ishibashi et al., 1994 N/A

St3gal6D/D mice Yang et al., 2012 N/A

Akp3–/– mice Narisawa et al., 2003 N/A

Tlr4–/– mice (B6(Cg)-Tlr4tm1.2Karp/J) The Jackson Laboratory Stock #: 029015

St3gal6D/D Asgr1–/– mice This study N/A

St3gal6D/D Asgr1–/– mice This study N/A

Oligonucleotides

TNAP-forward: CCCAGACACAAGCATTCCCACTAT Yang et al., 2015 N/A

TNAP-reverse: CACCATCTCGGAGAGCG Yang et al., 2015 N/A

IAP-forward: CTCATCTCCAACATGGAC Yang et al., 2015 N/A

IAP-reverse: TGCTTAGCACTTTCACGG Yang et al., 2015 N/A

GAPDH -forward: TGGTGAAGGTCGGTGTGAAC Yang et al., 2015 N/A

GAPDH -reverse: AGTGATGGCATGGACTGTGG Yang et al., 2015 N/A

Software and Algorithms

GraphPad Prism 7.0 GraphPad Software https://www.graphpad.com/scientific-software/prism/

Microsoft Excel Microsoft https://products.office.com/en-us/excel

TissueFAXS imaging software 3.5 TissueGnostics imaging

solution

http://www.tissuegnostics.com/en/products/imaging-

software/170-tissuefaxs-imaging-software

TissueQuest Analysis software 4.0 TissueGnostics imaging

solution

http://www.tissuegnostics.com/en/products/analysing-

software/tissuequest

HistoQuest Analysis software 4.0 TissueGnostics imaging

solution

http://www.tissuegnostics.com/en/products/analysing-

software/histoquest
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California Santa Barbara and the Sanford-Burnham-PrebysMedical Discovery Institute approved studies undertaken herein. All mice
were housedwith their littermates in groups of four or five animals per cage in a specific pathogen-free barrier facility at the University
of California Santa Barbara.

Mice bearing null alleles of Asgr1, Asgr2, and Akp3 have been previously described (Ishibashi et al., 1994; Narisawa et al., 2003;
Soukharev et al., 1999). St3gal6-deficient mice have been previously described (Yang et al., 2012). We generated mice homozygous
for multiple mutant alleles including St3gal6D/D Asgr1–/– or St3gal6D/D Asgr2–/–. Tlr4–/– mice (B6(Cg)-Tlr4tm1.2Karp/J) were purchased
from Jackson Laboratory. All strains of mice were backcrossed six or more generations into the C57BL/6J background prior to
study. Animals bearing multiple mutations for study were generated from compound heterozygote mates to produce offspring
bearing both control and experimental genotypes. Littermates bearing normal alleles were used as controls. No statistical methods
were used to pre-determine sample sizes; sample sizes were determined based on previous studies (Grewal et al., 2008 and 2013).

Bacterial Strains and Culture Conditions
Escherichia coli (EC) strain ATCC 25922 (clinical isolate, FDA strain Seattle 1946), Salmonella enterica serovar Typhimurium
(ST) reference strain ATCC 14028 (CDC 6516-60), Streptococcus pneumoniae (SPN) serotype 2 strain D39, methicillin-resistant
Staphylococcus aureus (MRSA) strain CA-MRSA USA300 and methicillin-sensitive Staphylococcus aureus (MSSA) strain
Newman were used as previously described (Beumer et al., 2003; Chow et al., 2010; Grewal et al., 2008; Heithoff et al., 2012;
van Sorge et al., 2013).

EC, MRSA, andMSSAwere streaked from frozen stocks onto Tryptic Soy (TS) agar plates and incubated overnight at 37!C. Single
colonies were inoculated into TS broth and incubated overnight with shaking at 37!C. After overnight incubation, MRSA and MSSA
were re-inoculated as 1:100 sub-cultures into fresh TS broth and cultured to mid-log phase (A600 = 0.4). EC, MRSA, and MSSA were
pelleted by centrifugation, washed, and suspended in sterile PBS.

ST was streaked from frozen stocks onto Luria-Bertani (LB) agar plates and incubated overnight at 37!C. Single colonies were
inoculated into LB broth and incubated overnight with shaking at 37!C. ST was pelleted by centrifugation, washed, and suspended
in sterile 0.2M sodium phosphate buffer (pH 8.1).

SPN was streaked from frozen stocks onto Todd-Hewitt (TH) agar plates containing 2% yeast extract and incubated overnight at
37!C in a 5% CO2 incubator. Single colonies were inoculated into TH broth containing 2% yeast extract and incubated overnight
with shaking at 37!C in a 5% CO2 incubator. After overnight incubation, SPN was re-inoculated as a 1:10 sub-culture into fresh
TH broth and cultured to mid-log phase (A600 = 0.4). SPN was pelleted by centrifugation, washed, and suspended in sterile PBS.

METHOD DETAILS

Bacterial Infections
EC and SPN were administered i.p.; EC at a dose of 1 3 107 cf.u (10X LD50) and SPN at a dose of 1 3 104 cf.u (10X LD50); ST was
administered via gastric intubation at a dose of 13 107 cf.u (20X LD50), or i.p. at a dose of 13 103 cf.u (20X LD50);MRSA andMSSA
were administered i.v.;MRSA at a dose of 13 108 cf.u (20X LD50) andMSSA at a dose of 53 108 cf.u (20X LD50). LD50 values were
determined by identifying the inoculum dose that resulted in death of 50% infected animals following delivery of pathogen by
indicated route of infection. Blood was collected to enumerate bacterial cf.u at the indicated times after infection, and mice with
equivalent bacteremia (between 1 3 102 cf.u/mL and 1 3 104 cf.u/mL at 24 h after EC infection, 1 3 101 cf.u/mL and 1 3 103

cf.u/mL at day 5 after ST gastric intubation infection, 1 3 101 cf.u/mL and 1 3 103 cf.u/mL at 48 h after ST i.p. infection, or
1 3 103 cf.u/mL and 1 3 105 cf.u/mL at 24 h after SPN, MRSA or MSSA infection followed by an increase to between 1 3 104

cf.u/mL and 13 106 cf.u/mL at 48 h after EC infection, 13 103 cf.u/mL and 13 106 cf.u/mL at day 8 after ST gastric intubation infec-
tion, 1 3 103 cf.u/mL and 1 3 106 cf.u/mL at day 5 after ST i.p. infection, or 1 3 105 cf.u/mL and 1 3 107 cf.u/mL at 48 h after
SPN, MRSA or MSSA infection) were studied further. Using this protocol, blood cf.u from approximately 60% of EC-infected
mice, approximately 20% of ST-infected mice (gastric intubation or i.p. delivery), and approximately 50% of SPN, MRSA, or
MSSA-infected mice were outside the target blood cf.u/mL range. Mice and their blood samples outside of the target range
were not analyzed further. Mouse morbidity and survival were plotted with Kaplan Meier analyses generated using Graphpad
Prism software.

Blood Chemistry and Calf Intestinal Alkaline Phosphatase Treatment
Blood was collected from anesthetized animals into Microtainer Serum Separator Tubes (BD Biosciences) with no anticoagulant and
allowed to clot for 30 min at room temperature. Serum was collected after centrifugation at 13,000 rpm for 10 min. Serum chemistry
values includingmeasurements of albumin, alkaline phosphatase activity, alanine transferase activity, amylase activity, total bilirubin,
blood urea nitrogen, calcium, phosphorus, creatinine, glucose, sodium, potassium, total protein, and globulin were acquired with a
VetScan Comprehensive Diagnostic Profile reagent rotor using the VetScan Chemistry Analyzer as previously reported (Grewal et al.,
2013; Yang et al., 2015). AP activity measured in serum from wild-type uninfected C57BL/6J mice serum was 113.1 ± 4.3 U/L as
the mean ± SEM (n = 30). Calf intestinal alkaline phosphatase (cIAP) (Lee Biosolutions) was i.v. administered at 75 U/kg in 200 ml
of PBS (Beumer et al., 2003).
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Glycoprotein Immunoprecipitation, Western Blotting, and Lectin Blotting
Serum samples diluted in RIPA buffer (50mMTris-HCl (pH 7.6), 150mMNaCl, 1mMEDTA, 1%NP-40, 1%sodium deoxycholate and
0.1% SDS) were supplemented with complete protease inhibitor cocktail per instructions (Roche) and incubated overnight at 4!C on
a rotating wheel with either 2 mg/mL of TNAP antibody (N-18; Santa Cruz Biotechnology), or 1:100 dilution of IAP-specific antiserum
(Narisawa et al., 2003) followed by 2 h of incubation in the presence of protein A/G PLUS-agarose (Santa Cruz Biotechnology).
Immunoprecipitates were washed five times with RIPA buffer and eluted with SDS sample buffer for SDS-PAGE. Protein samples
eluted were subjected to SDS-PAGE, transferred to nitrocellulose membranes and incubated with 2% BSA in Tris-buffered saline
(TBS). They were then analyzed by western blotting using 1 mg/mL of anti-TNAP antibody (ab65834; Abcam), 1 mg/mL of anti-
Neu1 (H-300; Santa Cruz Biotechnology), anti-Neu2 (M-13; Santa Cruz Biotechnology), anti-Neu3 (M-50; Santa Cruz Biotechnology),
anti-Neu4 (N-14; Santa Cruz Biotechnology), or 1:1000 dilution of anti-IAP antiserum, or by lectin blotting with HRP-conjugated
Erythrina cristagalli (ECA, 0.5 mg/mL), Ricinus Communis Agglutinin-I (RCA, 0.1 mg/mL), Peanut Agglutinin (PNA, 1 mg/mL), Maackia
amurensis-II (MAL-II, 0.2 mg/mL), or Sambucus nigra (SNA, 0.1 mg/mL) (EY Laboratories). Signals detected by chemiluminescence
(GE Healthcare) were analyzed by integrated optical density using Labworks software (UVP Bioimaging Systems). Parallel
protein samples were visualized with Coomassie brilliant blue G250 staining (Bio-Rad).

Enzyme-Linked Immunosorbent Assay and Serum Cytokine Measurements
Enzyme-linked immunosorbent assay (ELISA) plates (Nunc) were coated with antibodies to either TNAP (N-18), Neu1 (H-300), Neu2
(M-13), Neu3 (M-50), or Neu4 antibody (N-14), or IAP antiserum, and blocked with BSA before incubation with serial dilutions of
mouse serum samples that were biotinylated using 1 mg/mL of N-hydroxysuccinimide-biotin (Thermo Fisher Scientific). Antigens
were detected following the addition of HRP-streptavidin (BD Biosciences) and 3,30,5,50 tetramethylbenzidine (TMB; Sigma-Aldrich).
Lectin binding was determined in parallel by the addition of HRP-conjugated ECA, RCA, PNA, MAL-II or SNA, followed by TMB,
and changes in glycan linkages were detected by comparing lectin binding among identical amounts of biotinylated TNAP and
IAP antigen calculated as described (Ellies et al., 2002). Cytokine ELISA assays including IL-1b (KMC0011; Thermo Fisher Scientific),
IL-6 (KMC0061; Thermo Fisher Scientific), IFN-g (KMC4021; Thermo Fisher Scientific) and TNF-a (KMC3011; Thermo Fisher
Scientific) were performed according to the manufacturers’ instructions.

LPS Phosphorylation
To determine LPS content in mouse serum, LPS was isolated as previously described (Davis and Goldberg, 2012) by the hot phenol-
water method with minor modifications. Briefly, blood was collected into Microtainer Serum Separator Tubes. 0.5 mL of serum was
added to 0.5 mL of 99% phenol (Ambion) preheated to 65!C and incubated for 15min at 65!C. After cooling on ice, the samples were
centrifuged at 13,000 rpm for 10 min. The aqueous phase was acquired and residual phenol was removed by extracting with diethyl
ether (Sigma-Aldrich). The diethyl ether phase was discarded and the water phase containing the LPS was placed in a hood for 1 h to
allow the remaining diethyl ether to evaporate. The above steps were repeated after treatment with proteinase K (Promega), RNase
(Invitrogen) and DNase (Invitrogen). Sodium acetate at 0.5 M final concentration and 10 volumes of 95% ethanol were added
and the samples were stored at –20!C overnight in order to precipitate LPS. The samples were centrifuged at 13,000 rpm for
10 min and the pellets were resuspended in distilled water. LPS preparations from indicated sources were quantified by the
purpald assay as described previously (Lee and Tsai, 1999). LPS preparations for comparative studies were indistinguishable by
chromatography and silver staining (Bio-Rad). To compare the abundance of phosphate linked to LPS, phosphate release was
measured by the malachite green phosphate assay (Goldberg et al., 2008). Briefly, purified calf intestinal alkaline phosphatase
(10 U; Invitrogen) was incubated at pH 8.0 for 3 h at 37!C with 1 mg of LPS isolated from mouse serum. Free phosphate released
was measured as a colored complex of phosphomolybdate and malachite green at 620 nm according to the manufacturers’ instruc-
tions (BioAssay Systems).

Blood Glycoprotein Half-Life
N-hydroxysuccinimide-biotin (10 mg/kg of mouse body weight; Pierce) was i.v. injected into adult mice (Grewal et al., 2008). Subse-
quently, whole blood was collected at the indicated times into Microtainer Serum Separator Tubes (BD Biosciences) by tail bleeds of
anesthetized mice. Biotinylated serum glycoproteins were isolated by affinity chromatography using immobilized monomeric avidin
gel and eluted in the presence of D-biotin (Pierce). Time 0was defined as 1 h after reactive biotin injection, when biotinylation stopped
and proteins were maximally biotinylated (100% relative biotinylation). Biotinylated serum TNAP and IAP were captured on ELISA
plates coated with anti-TNAP antibody or IAP antiserum. TNAP and IAP protein levels were quantified following administration of
detection reagents HRP-streptavidin and TMB.

Neuraminidase Activity and Inhibition
Neuraminidase activity wasmeasured in total serum obtained from blood isolated from either the tail vein or by cardiac puncture. The
Amplex Red neuraminidase assay was used according to the manufacturers’ instructions (Thermo Fisher Scientific). In brief, 5 ml of
freshly prepared serum samples obtained from tail bleeds were added to 45 ml of the Amplex Red reaction buffer andmixedwith 50 ml
of the Amplex Red working solution. The mixtures were incubated for 30 min at 37!C and absorbance was measured at 560 nm.
In addition, fluorescence of the mixtures was measured using excitation at 530 nm and emission detection at 590 nm. Specific
neuraminidase activity was calculated using a standard of Arthrobacter ureafaciens neuraminidase (EY Laboratories) serially diluted
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2-fold in PBS starting at 500 U/L. Serum neuraminidase activity measured among uninfected wild-type C57BL/6J mice (8-12 weeks
old) using the Amplex Red assay was 85.0 ± 4.5 U/L as the mean ± SEM (n = 20).

A direct assay of neuraminidase activity was adapted from the NA-XTD assay (Applied Biosystems) and was used to compare
selected data obtained using the Amplex Red assay. The NA-XTD assay was used according to manufacturer’s instructions with
the following exceptions: 5 ml of freshly prepared serum obtained from cardiac puncture was used, 26 mM MES (2-(N-morpholino)
ethanesulfonic acid) buffer was supplemented with 4 mM CaCl2 at pH 7.4, and reaction was incubated for 30 min at 37!C. Results
obtained using the NA-XTD assay confirmed the relative changes of neuraminidase activity detected using the Amplex Red
assay; however, the basal Neu activity measured among uninfected wild-type C57BL/6J mice using the NA-XTD assay was
44.4 ± 10.0 mU/L as the mean ± SEM (n = 6). Specific units were derived from standard curves using Arthrobacter ureafaciens
neuraminidase (EY Laboratories) serially diluted 2-fold in PBS starting at 500 mU/L.

Inhibition of serum neuraminidase activity was achieved as presented using 250 mg/kg of either 2,3-dehydro-2-deoxy-N-
acetylneuraminic acid (DANA; Calbiochem) (Cross et al., 2012) or Zanamivir (Sigma-Aldrich) (Hata et al., 2008) was prepared in
200 ml of PBS and injected intravenously (i.v.) following infection and at multiple time points (every 24 h) (Yang et al., 2015).

TNAP Inhibition
SBI-425, a selective inhibitor of TNAP activity, was injected into the intraperitoneal cavity at a dose of 10mg/kg in 200 ml of the dosing
vehicle consisting of 10% DMSO, 10% Tween-20, and 80% water (Sheen et al., 2015).

LPS-induced Toxicity
Mice were i.p. injected with E. coli O111:B4 LPS (Sigma-Aldrich) and Kaplan Meier survival graphs were generated in Graphpad
Prism software.

mRNA Analyses
Total RNA was isolated from tissues using Trizol (Invitrogen) and subjected to reverse transcription (RT) using SuperScript III
(Invitrogen). Quantitative real-time PCR was performed using Brilliant SYBR Green Reagents (Agilent Technologies) with the
Mx3000P QPCR System (Stratagene). Primers used for real-time PCR in the mouse were: TNAP-RT-forward (F) (50-CCCAGACA
CAAGCATTCCCACTAT-30), TNAP-RT-reverse (R) (50-CACCATCTCGGAGAGCG-30), IAP-RT-F (50- CTCATCTCCAACATGGAC-30),
IAP-RT-R (50-TGCTTAGCACTTTCACGG-30), GAPDH-RT-F (50-TGGTGAAGGTCGGTGTGAAC-30) and GAPDH-RT-R (50-AGT
GATGGCATGGACTGTGG-30). Relative mRNA levels were normalized to littermate WT control expression of GAPDH RNA.

Histology
Mouse liver tissues were fixed in 10% buffered formalin (Sigma-Aldrich), transferred to 30% sucrose/PBS, and embedded in Tissue-
Tek OCT compound (Sakura Finetek). For immunofluorescence analysis, 5 mm frozen serial sections were incubated with anti-TNAP
antibody (ab65834; Abcam) or IAP antiserum combined with either ASGR1 antibody (T-20; Santa Cruz Biotechnology) or ASGR2
antibody (N-17; Santa Cruz Biotechnology). TNAP and IAP were visualized with FITC-conjugated goat anti-rabbit IgG (Santa Cruz
Biotechnology) and ASGR1 and ASGR2were visualizedwith Texas Red-conjugated rabbit anti-goat IgG (Santa Cruz Biotechnology).
These primary antibody incubations (1:200 dilutions) were performed at 4!C overnight and secondary antibody incubations (1:1000
dilution) were performed at room temperature for 1 h. Serial sections were stained with hematoxylin and eosin (H&E; Sigma-Aldrich).
Immunofluorescence images were obtained and analyzed using a TissueGnostics microscopy workstation with TissueFAXS,
TissueQuest, and HistoQuest software (TissueGnostics USA Ltd.) (Ohtsubo et al., 2011).

Experimental Design
For all studies, at least 6 animals per experimental group were used and all experiments were conducted in at least duplicate with
similar results. No statistical methods were used to pre-determine sample sizes, but our sample sizes were determined based on
previous studies (Grewal et al., 2008,2013). All animal experiments were conducted with inbred C57BL/6J mice which according
to their genetic homology were not randomly allocated to experimental groups. We were not blinded to the group allocation.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed a minimum of two independent replications. Data were analyzed as mean ± SEM unless otherwise
indicated. All data meet the assumptions of the tests. Student’s unpaired t test was used to compare the means of two groups.
One-way Analysis of Variance (ANOVA) with Tukey’s multiple comparisons test was used to compute statistical significance between
multiple groups. Log-rank test was used to compare differences in survival between groups. GraphPad Prism software (Version 7.0)
was used to determine statistical significance among multiple studies. P values of less than 0.05 were considered significant.
Statistical significance was denoted by *p < 0.05, **p < 0.01, or ***p < 0.001. The exact value of n, representing the number of
mice in the experiments depicted, was indicated in the figure legends.
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