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The endocytic Ashwell-Morell receptor (AMR) of hepatocytes de-

tects pathogen remodeling of host glycoproteins by neuramin-

idase in the bloodstream and mitigates the lethal coagulopathy of

sepsis. We have investigated the mechanism of host protection by

the AMR during the onset of sepsis and in response to the

desialylation of blood glycoproteins by the NanA neuraminidase

of Streptococcus pneumoniae. We find that the AMR selects among

potential glycoprotein ligands unmasked by microbial neuramini-

dase activity in pneumococcal sepsis to eliminate from blood circula-

tion host factors that contribute to coagulation and thrombosis.

This protection is attributable in large part to the rapid induc-

tion of a moderate thrombocytopenia by the AMR. We further

show that neuraminidase activity in the blood can be manipu-

lated to induce the clearance of AMR ligands including platelets,

thereby preactivating a protective response in pneumococcal

sepsis that moderates the severity of disseminated intravascular

coagulation and enables host survival.

Pathogens in the host bloodstream often induce a hyperactive
coagulation cascade that can progress to disseminated intra-

vascular coagulation with severe thrombosis, organ failure, and
death (1–3). With current limited understanding of pathogen–host
interactions, sepsis remains a debilitating and deadly syndrome
with few treatment options (4, 5). An unexpected protective
host response that reduces coagulopathy during sepsis caused
by Streptococcus pneumoniae (SPN) was recently discovered in
studies of the endocytic Ashwell-Morell receptor (AMR) (6, 7).
Host protection by the AMR is linked to the hydrolysis of sialic
acids from blood glycoproteins by the neuraminidase A (NanA)
of SPN. Sialic acids are posttranslational glycan modifications
often attached to underlying galactose on many cell surface and
secreted glycoproteins (8, 9).
Neuraminidases (aka sialidases) produced by microbial path-

ogens hydrolyze sialic acids on glycoproteins to establish infec-
tion and facilitate host colonization (10). For example, NanA
remodels mucosal cell surface glycoproteins to promote bacterial
colonization of the upper respiratory tract (11, 12) and con-
tributes to pulmonary inflammation along with the development
of SPN pneumonia (13, 14). However, the host has adapted to
counteract the pathological effects of this SPN virulence factor
by the clearance from blood circulation of host factors bearing
AMR ligands that have been unmasked by NanA desialylation.
In this study we have identified multiple blood components

that are removed from circulation by the AMR and have de-
termined which of these are primarily responsible for diminish-
ing the lethal coagulopathy of SPN sepsis. We have further used
this information to develop and assess a prophylactic approach
that preactivates AMR function in the early phases of sepsis to
reduce the severity and lethality of the ensuing coagulopathy.

Results

Intravenous (i.v.) administration of three different purified mi-
crobial neuraminidases each effectively desialylated platelets and
induced a rapid moderate thrombocytopenia in mice (Fig. 1 A

and B and Fig. S1). At saturating doses of neuraminidase activity,
circulating platelet levels were reduced by 70% within 2 h, with
thrombocytopenia persisting for up to 72 h, before platelets
rebounded to normal abundance coincident with restoration of cell
surface sialic acids. Neuraminidase-induced unmasking of galac-
tose was detected on multiple blood glycoproteins, whereas no
significant alterations occurred in blood chemistry or in the abun-
dance of blood cells and various inflammation markers (Figs. S2
and S3 and Table S1). In addition, neuraminidase did not alter
the expression of multiple glycoproteins and receptors residing
at the platelet plasma membrane (Fig. S4). All microbial neu-
raminidases analyzed produced similar outcomes in these and
subsequent experiments detailed below.
Bleeding times were rapidly increased within 2 h of i.v. ad-

ministration of neuraminidase and continued to be elevated
for up to 96 h (Fig. 1C). In animals lacking the AMR, i.v. neur-
aminidase treatment desialylated circulating platelets, whereas no
change occurred in platelet levels, and bleeding times remained
normal (Fig. 1 D and E). Gp1bα is a highly sialylated platelet
glycoprotein that has been reported to facilitate platelet in-
gestion by the AMR in hepatocyte culture (15). Upon exposure
to neuraminidase, platelets lacking Gp1bα exhibited fewer un-
masked galactose termini on their cell surface glycoproteins
compared with WT platelets (Fig. 1F). Adoptive transfer studies
revealed that the rate of neuraminidase-induced platelet clear-
ance by the AMR was markedly reduced in the absence of Gp1bα
(Fig. 1G); nevertheless, circulating platelets were reduced by 70%
after 24 h (Fig. 1H). Therefore, Gp1bα is required to achieve
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a rapid rate of AMR-dependent platelet clearance after neur-
aminidase treatment, whereas platelet glycoproteins other than
Gp1bα can also serve as AMR ligands.

Intravenous neuraminidase treatment was investigated as a
means to reduce coagulopathy and enhance host survival during
SPN sepsis. At lethal doses of SPN, animals receiving the PBS
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Fig. 1. Intravenous neuraminidase treatment in

platelet desialylation and turnover, bleeding

time increases, and Gp1bα-dependent platelet

clearance involving AMR function. (A) Circulat-

ing platelet abundance, (B) Erythrina cristagalli

lectin (ECA) and Ricinus communis-1 agglutinin

(RCA-I) lectin binding at the platelet surface, and

(C) bleeding times in response to a single i.v.

administration of neuraminidase (NA) or PBS in

WT mice. (D) Platelet abundance and (E) bleed-

ing times among mice identically treated but

lacking either Asgr1 or Asgr2 components of the

AMR. (F) Gp1bα deficiency and neuraminidase-

induced desialylation among platelets of indi-

cated genotypes. (G) Circulating platelet clearance

after platelet isolation, labeling, and transfer among

mice of indicated donor and recipient genotypes. (H)

Platelet abundance in WT or GP1bα-deficient mice

24 h after i.v. neuraminidase or PBS treatment.

Antibody to CD41 was used to detect and quantify

platelets in whole blood. In these studies mice

were treated with either 5 U/kg of Arthrobacter

urefaciens neuraminidase or PBS control. Studies

included between 12 and 24 age-matched adult

mice of indicated genotypes. ***P < 0.001.
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Fig. 2. Effects of intravenous neuraminidase treatment on coagulopathy, organ damage, and host survival in SPN sepsis. (A) WT mice were infected by i.p. injection

of 104 cfu of SPN isolate D39, and survival was followed over time among cohorts receiving either AUS neuraminidase (NA) (5 U/kg) or PBS at 8 h after infection. More

than 40 mice receiving each treatment were analyzed from multiple independent experiments. (B) Representative macroscopic views of liver and spleen 48 h

after SPN infection. (C) Serum levels of alanine aminotransferase activity. (D) Histopathological analyses of liver and spleen tissue 48 h after infection exhibited fibrin

thrombi and empty vessels (open arrows) indicative of thromboembolic occlusions. Functioning blood vessels containing red blood cells are also denoted (closed

arrows). Pyknotic bodies indicating cell death aremarked (asterisks). Fibrin clots, pyknotic bodies, and splenic hemorrhagewere quantified. Studies in B–D compared

12–24 age-matched adult mice of indicated genotypes. ***P < 0.001.
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sham treatment succumbed as expected. In contrast, half of the
animals receiving a single treatment of i.v. neuraminidase sur-
vived (Fig. 2A). Neuraminidase treatment did not modify basic
blood chemistry parameters during sepsis (Table S2). Host
protection conferred by neuraminidase was closely associated
with reduced histopathological evidence of injury to liver and
spleen tissues, lower serum alanine aminotransferase levels (a
marker of hepatocyte injury), and significant reductions in the
frequency of fibrin clots, thromboembolic occlusions, hepatocyte
pyknosis, and splenic hemorrhage (Fig. 2 B–D). The timing of
neuraminidase administration after post-i.p. SPN infection was
important in achieving a therapeutic response (Fig. S5).
The role of the AMR in host protection induced by neur-

aminidase was investigated among mice lacking the Asgr1 or
Asgr2 component of the AMR. Both Asgr1 and Asgr2 were es-
sential for the therapeutic effect of i.v. neuraminidase adminis-
tration. At identical and lethal SPN challenge doses, neuraminidase
treatment of animals lacking either Asgr1 or Asgr2 failed to

mitigate disease, and all succumbed to sepsis, whereas at the
same time ∼50% of WT cohorts that received neuramini-
dase survived (Fig. 3A). Neuraminidase treatment of AMR-
deficient mice did not alter various blood chemistry components
compared with WT cohorts (Table S2). In contrast, alanine
aminotransferase levels in the sera were markedly elevated
in AMR deficiency, beyond that of WT counterparts, and
remained significantly higher after neuraminidase treatment
(Fig. 3B). Liver and splenic tissue damage in AMR deficiency
were only moderately improved by neuraminidase treatment,
judged by frequencies of fibrin clots, liver cell death, and
splenic hemorrhage compared with WT animals (Fig. 3 C and
D). The AMR is therefore required for host protection induced
by i.v. neuraminidase treatment. This protection is associated
with the clearance from circulation of desialylated blood
components including platelets that would otherwise par-
ticipate in the development of disseminated intravascular
coagulation.
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Fig. 3. AMR function in host protection after neuraminidase treatment during SPN sepsis. (A) Survival among cohorts of mice lacking either the Asgr1 or Asgr2

component of the AMR in the presence or absence of neuraminidase (NA) or PBS delivered by i.v. injection 8 h after i.p. injection of SPN isolate D39 (104 cfu). Each

cohort of mice received either AUS neuraminidase (5 U/kg) or PBS at 8 h after infection. More than 40 mice of each genotype receiving the indicated treatments

from multiple independent experiments were analyzed. (B) Serum levels of alanine aminotransferase activity at 48 h. (C) Representative macroscopic views of the

liver and spleen 48 h after SPN infection. (D) Histopathological analyses of liver and spleen tissue 48 h after infection indicated fibrin deposition and empty blood

vessels (open arrows). Pyknotic bodies indicating cell death are marked (asterisks). Fibrin clots, pyknotic bodies, and splenic hemorrhage were quantified. At least

12 age-matched mice of each genotype were analyzed in B–D from multiple independent experiments. ***P < 0.001, **P < 0.01, *P < 0.05.
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The therapeutic impact of inducing a moderate thrombocyto-
penia was tested using an antibody-mediated (AMR-independent)
platelet elimination strategy. Intravenous administration of
antibody to the platelet-selective integrinα2β (CD41) rapidly
induced a moderate thrombocytopenia and increased bleeding
times in the absence of platelet desialylation, with a response
closely paralleling neuraminidase treatment (Fig. 4 A–D). No
changes in basic blood chemistry were observed after i.v. ad-
ministration of anti-CD41 or IgG (Table S3). Analyses of liver
and spleen tissues revealed that anti-CD41 treatment reduced
vascular occlusions, fibrin clots, liver cell death, splenic hemor-
rhage, and alanine aminotransferase levels (Fig. 4 E and F).
Platelet reduction by anti-CD41 treatment further improved sur-
vival frequencies at SPN challenge doses that killed all cohorts
receiving the IgG sham treatment (Fig. 4G). As predicted, anti-
CD41 antibody treatment of either WT or AMR-deficient mice
produced similar results. These findings indicate that the intrinsic
host protection provided by the AMR after i.v. neuraminidase
administration is primarily achieved by the rapid induction of
a moderate thrombocytopenia.
Comparing treatments and outcomes indicated that neur-

aminidase activation of the AMR achieved a somewhat greater
protective measure than did anti-CD41 antibody. We found
that i.v. neuraminidase treatment resulted in additional changes
that primarily serve to lessen thrombosis. Neuraminidase increased

activated partial thromboplastin time (aPTT)—a critical co-
agulation parameter, in both mice and human plasma (Fig. 5 A
and B). The same anticoagulation effect was observed in AMR
deficiency (Fig. 5C). No change from normal coagulation times
occurred after anti-CD41 antibody treatment (Fig. 5D). Indi-
vidual blood coagulation factor analyses after neuraminidase
treatment revealed significant decreases in the abundance and
activity of prothrombotic components, including von Willebrand
factor and factors II, V, VIII, X, and XI (Fig. 6). These glyco-
proteins contribute to aPTT, and their decreased abundance and
activity explain the increase in coagulation time. Decreases were
also observed in antithrombotic components antithrombin and
α2-antiplasmin, but they were of minor impact by comparison
and would not overcome the induction of a hypocoagulative state
caused by the combined reductions measured in prothrombotic
factors. Other coagulation factors were unchanged by neuramini-
dase treatment, including factors I, VII, IX, and XII, plasminogen,
fibrinogen, protein C, and protein S (Fig. S6). Absence of altered
coagulation factor abundance and activity did not however in-
dicate the absence of glycoprotein desialylation. Neuraminidase
doses that reduced platelet levels in circulation similar to that
observed after SPN infection also diminished sialic acid abun-
dance on all glycoproteins analyzed, including those that were un-
altered, indicating selectivity of the AMR for a subset of endo-
genous ligands in conferring host protection in pneumococcal
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Fig. 4. Coagulopathy and host protection after

anti-CD41 treatment and platelet depletion during

SPN sepsis. (A) Platelet abundance in circulation 2 h

after i.v. injection of anti-CD41 antibody or poly-

clonal IgG at indicated doses. (B) Platelet abundance

in circulation at indicated times after a single i.v.

injection (0.5 mg/kg) of either anti-CD41 or IgG. (C)

ECA and RCA-I lectin binding at the platelet surface

2 h after i.v. injection (0.5 mg/kg) of either anti-CD41

or IgG. (D) Bleeding times after i.v. injection (0.5 mg/

kg) of either anti-CD41 or IgG. (E) Representative

macroscopic and histopathologic views of liver and

spleen 48 h after SPN infection. Fibrin deposition

and empty blood vessels are marked (open arrows).

Blood vessels containing red blood cells are also

denoted (closed arrows). Areas of pyknotic bodies

indicating cell death are marked (asterisks). Fibrin

clots, pyknotic bodies, and splenic hemorrhage were

quantified. (F) Serum alanine aminotransferase ac-

tivity. (G) Survival among mice receiving 0.5 mg/kg

of either anti-CD41 or IgG 8 h after i.p. injection of

SPN isolate D39 (104 cfu). At least 12 age-matched

mice of each genotype were analyzed in B–D from

multiple independent experiments. In G, more than

40 mice of each genotype receiving each treatment

were analyzed in multiple independent experiments.

Findings shown are representative of results obtained

using anti-CD41 and IgG in either WT or AMR-deficient

mice. ***P < 0.001.
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sepsis (6) (Fig. 7). Endogenous glycoproteins modulated by
the AMR in the physiological context of pneumococcal sepsis
include those with the largest numbers of potential N-glyco-
sylation sites encoded in their primary peptide sequences
(Table S4).

Discussion

The protective role of the host AMR is activated in response
to increased neuraminidase activity in the bloodstream during
sepsis. This is achieved in large part by neuraminidase-dependent
unmasking of cryptic AMR ligands existing on platelets and a
subset of prothrombotic blood coagulation factors. The endo-
cytic AMR reduces the abundance of these desialylated pro-
thrombotic components in producing a hypocoagulative state
that lessens the potential for the onset of disseminated in-
travascular coagulation. Platelets and prothrombotic blood co-
agulation factors can play harmful roles in sepsis when they fuel
pathogen-driven coagulopathy that results in thromboembolic
tissue damage, often with a fatal outcome. Aberrations in
platelet activity may further complicate sepsis by binding and
disseminating bacteria throughout the bloodstream (16, 17) or
by contributing to granzyme B-mediated killing of splenocytes
(18). Regulation of glycoprotein homeostasis by the AMR has
been imperceptible to multiple studies of genomic variation and
transcriptional outputs, reflecting posttranslational and en-
zymatic processes that modulate metabolism and which are in-
creasingly linked to the origins of common diseases and syndromes
(19–22).
Endogenous glycoproteins bearing AMR ligands have been

difficult to identify. Previous studies have included exoge-
nously administered glycoproteins of multiple species often
derived from heterologous cell expression systems and were
used in isolation at various concentrations in circulation. The
potential for ligand selectivity of the homomeric and hetero-
meric AMR complex in determining the relative binding and
clearance rates among endogenous glycoproteins also remains to

be fully studied. Given these complications, it has not been
possible to identify and compare endogenous AMR ligands
produced in a physiological context, as in the course of sepsis.
In comparisons among multiple glycoproteins, we find that those
modulated by the AMR and neuraminidase activity have the
largest number of N-glycan sequons in their peptide sequences.
Not all such sequons are necessarily modified with N-glycans;
nevertheless, these findings suggest an evolutionary mechanism
that may render a protein responsive to AMR clearance and
further provides an experimental framework to determine struc-
tural features of endogenous AMR ligands that may involve
glycan density in combination with glycoprotein sequence and
structure.
AMR function protects a large fraction of septic animals from

excessive tissue damage and death and appears to be required for
host survival of severe sepsis caused by SPN. This SPN pathogen–
host interaction is likely to have been a focus of millions of years of
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Fig. 6. Blood coagulation factor abundance or activity after (A) i.v. neur-

aminidase (NA) treatment in the presence or absence of AMR function in

mice, and (B) in vitro neuraminidase treatment of human blood plasma.

Wild-type or AMR-deficient mice were bled 2 h after i.v. treatment with

either AUS NA (5 U/kg) or PBS. Plasma was isolated for measurements of

the abundance or activity of specific blood coagulation factors, as previously

described (24, 25). Measurements of glycoprotein abundance were obtained

with anti-factor antibodies. Factor-specific enzyme activities were measured

where indicated.
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evolution, providing a selective pressure favoring the endocytic
AMR response to counteract pathogen perturbation of the host
coagulation system. The AMR is, however, unable to rescue all
infected animals owing to multiple pathogenic processes that are
ongoing, including cytokine storm that can lead to lethality (23).
When the AMR response is inadequate and as pathogen load
increases, thrombosis continues, and platelets may be further
consumed to less than 10% of normal levels in fulminant dis-
seminated intravascular coagulation when hemorrhage itself
becomes life threatening. It will be of interest to determine
whether i.v. neuraminidase treatment is similarly therapeutic
in sepsis caused by pathogens that lack an encoded neur-
aminidase. The finding that the “natural” process of AMR
activation in pneumococcal sepsis is not optimal and can be
improved upon reflects a biological response that has evolved
to preserve species if not all individuals. Such protective

mechanisms may be required for species survival, but may
rarely if ever become optimized by natural selection. The
targeted i.v. administration of neuraminidase during sepsis
merits further exploration as a method to rapidly activate and
augment the life-protective function of the host AMR.

Materials and Methods

Detailed methods, including descriptions of all reagents, are included in SI

Materials and Methods. Data are presented as means ± SEM unless otherwise

indicated. We used the Student unpaired t test, as well as Kaplan-Meier

analyses of survival curves, with Prism software (GraphPad). Multiple-analyte

sera data were compared by two-way ANOVA and t tests. P values of less than

0.05 were considered significant. Statistical significance is presented through-

out as ***P < 0.001, **P < 0.01, or *P < 0.05.
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*** Fig. 7. Blood coagulation factor abundance and

desialylation after i.v. neuraminidase (NA) treat-

ment. Coagulation factor protein abundance mea-

sured by antibodies was further analyzed by ECA

and RCA-I lectins to detect exposed galactose fol-

lowing i.v. treatment with either AUS NA (5 U/kg) or

PBS. Ratios of exposed galactose per unit of protein

antigen were calculated as indicated and as pre-

viously described (25).
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