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KEY PO INT S

l TLT-1 is an
independent risk
factor for ARDS.

l In an ALI model, TLT-1
mediates fibrinogen
deposition in the lungs
and facilitates platelet-
neutrophil release
during transmigration.

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) affect >200000
individuals yearly with a 40% mortality rate. Although platelets are implicated in the
progression of ALI/ARDS, their exact role remains undefined. Triggering receptor
expressed in myeloid cellsQ:5 (TREM)–like transcript 1 (TLT-1) is found on platelets, binds
fibrinogen, and mediates clot formation. We hypothesized that platelets use TLT-1 to
manage the progression of ALI/ARDS. Here we retrospectively measure plasma levels of
soluble TLT-1 (sTLT-1Q:6 ) from the ARDS Network,7 clinical trial and show that patients whose
sTLT-1 levelswere >1200 pg/mL had nearly twice themortality risk as thosewith<1200 pg/mL
(P< .001). After correcting for confounding factors such as creatinine levels, APACHEQ:8 III scores,
age, platelet counts, and ventilation volume, sTLT-1 remains significant, suggesting that sTLT-1
is an independent prognostic factor (P < .0001). These data point to a role for TLT-1 during the

progression of ALI/ARDS. We use a murine lipopolysaccharide-induced ALI model and demonstrate increased alveolar
bleeding, aberrant neutrophil transmigration and accumulation associated with decreased fibrinogen deposition, and in-
creased pulmonary tissue damage in the absence of TLT-1. The loss of TLT-1 resulted in an increased proportion of platelet-
neutrophil conjugates (43.736 24.75% vs 8.926 2.4% inwild-typemice), which correlatedwith increased neutrophil death.
Infusion of sTLT-1 restores normal fibrinogen deposition and reduces pulmonary hemorrhage by 40% (P £ .001) and tissue
damage by 25% (P £ .001) in vivo. Our findings suggest that TLT-1 uses fibrinogen to govern the transition between
inflammation and hemostasis and facilitate controlled leukocyte transmigration during the progression of ARDS. (Blood.
2018;00(00):1-11)

Introduction
Acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS) are inflammatory lung conditions characterized by acute
onset and the presence of arterial hypoxia with bilateral pul-
monary infiltrates. ALI/ARDS arises as a complication of other
primary diagnoses such as sepsis, trauma, pneumonia, aspira-
tion, or multiple transfusions. With an estimated incidence of
.200 000 cases annually in the United States, ARDS imposes
a substantial burden on the health care system because man-
agement requires intensive care and mechanical ventilation.1

During ALI/ARDS progression, inflammatory mediators such as
CXCL2 recruit neutrophils to the lungs.2 Neutrophils initiate the
epithelial/endothelial damage leading to fluid leakage, neu-
trophil infiltration, and influx of red blood cells in the alveoli.3 The
ensuing inflammatory response mediates the clinical pro-
gression from the acute exudative phase to subacute and

chronic phases, which may resolve with epithelial and en-
dothelial repair. Unresolved, the condition requires persistent
ventilator support, may lead to coagulation or organ failure,
and is lethal in ;40% of the cases.1

The role of platelets in hemostasis is well established, but in
recent years a more holistic understanding has emerged of
platelets as central effectors of inflammation and tissue repair, as
well as coagulation.4 Circumstantial evidence implicates plate-
lets in both the etiology and resolution of ARDS, but the specific
mechanisms are not well defined.5 In animal models of ALI,
platelets have been shown to exacerbate disease progression
through activation of and recruitment of neutrophils to sites of
endothelial damage.6 Platelets are an important source of the
inflammatory modulators that mediate early stages of ARDS and
the anti-inflammatory and surfactant molecules needed for
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disease resolution.5,7 In a mouse model, it has been shown that
necrotic platelets provide membranes that mediate neutrophil
macroaggregates.8 In case-control studies, markers of platelet
activation and dysregulated coagulation were elevated in
Bronchoalveolar lavage (BAL) from patients with ARDS, and
multicenter clinical trials have identified correlations between
risk of ARDS or ARDS prognosis and thrombocytopenia.9-12

Antiplatelet agents such as aspirin and ketoconozaole had
promising results in preclinical models of ALI but have produced
mixed results as prophylaxis or treatment of ARDS in clinical
settings.5 These studies highlight the fact that there is no clearly
defined role for platelets in the progression of ARDS and em-
phasize an underlying need to better understand how platelets
function in ARDS as well as identify reliable platelet biomarkers
during ARDS progression.

Our studies of platelet function in sepsis revealed the receptor,
triggering receptor expressed on myeloid cells (TREM)–like
transcript 1 (TLT-1), as a key mitigating factor during sepsis
progression.13 TLT-1 is a type-1 immunoglobulin domain re-
ceptor that is stored in the platelet a-granules and, upon platelet
activation, translocates to the surface.14 Additionally, some TLT-
1, consisting of the extracellular domain from the receptor, is
released as a soluble form (sTLT-1) into plasma. Although splice
variants, with shortened cytoplasmic tails, and truncated extra-
cellular domains have been identified, sTLT-1 is a platelet-
specific product.15-18 Among the most abundant receptors
stored in the a-granules, TLT-1 facilitates platelet aggregation
and mediates platelet interactions with both endothelial cells
and neutrophils.19,20 Fibrinogen is the only known ligand to bind
TLT-1 appreciably.13,19

We have demonstrated that patients diagnosed with sepsis have
significant increases of sTLT-1 in their blood. In our patients,
elevated levels of sTLT-1 strongly correlated with high levels
of d-dimers and to DICQ:9 score, suggesting sTLT-1 could be used
as a DIC prognostic factor.13 Subsequent studies using the
treml12/2 mouse demonstrated that TLT-1 promotes survival
during sepsis.13 We have also shown that sTLT-1 levels are ele-
vated in a small cohort of patients with diagnosed ARDS.21 Based
on these observations, we hypothesized that TLT-1 levels may be
a prognostic indicator for ARDS and that the protein may play
a role in the progression or resolution of ALI/ARDS. To determine
whether TLT-1 can be used as a biomarker for ARDS, we retro-
spectively evaluated the relationships between clinical outcomes
and plasma concentrations of sTLT-1 of patients enrolled in the
National Heart, Lung, and Blood Institute ARDS Network clinical
trials.22,23 Further, we used a mouse model to interrogate the
function of TLT-1 in platelet response to lung injury. Our findings
indicate that platelets use TLT-1 to minimize tissue damage and
that it is indeed an independent prognostic indicator in ARDS.

Materials and methods
For detailed methods, please see supplemental Data (available
on the Blood Web site).

Study population
Deidentified samples from patients for this study were obtained
from the ARDS Network clinical trial and, after institutional re-
view board approval, were sent to us by the National Institutes of

Health biorepository. Further description can be found in sup-
plemental Methods.

Mice
Treml12/2 mice Q:10were reported elsewhere.13 All mice were be-
tween 8 and 10 weeks of age and weighed 20 to 23 g. Equal
numbers of males and females were used. Animal care was
provided in accordance with the procedures outlined inGuide for
the Care and Use of Laboratory Animals (National Institutes of
Health publication no. 85-23, revised 1985). Experimental pro-
cedures were approved by the Animal Care and Use Committee.

Acute lung inflammation model
Age- and sex-matched mice were anesthetized intraperitoneally
with 100 mg/kg ketamine and 10 mg/kg xylazine and inoculated
intranasally with 10 mg Escherichia coli lipopolysaccharide (LPS)
(Sigma-Aldrich) or sterile phosphate-buffered saline (PBS) ve-
hicle. BAL was performed by cannulating the trachea with an 18-
gauge angiocath. Mice lungs were lavaged 4 times with 0.8 mL
cold sterile PBS. Pooled BAL fluid was analyzed by flow cytometry
(C6 Accuri, BD Sciences). In parallel experiments, LPS-challenged
lungs were dissected and fixed for 24 hours in 4% para-
formaldehyde and thenplaced in 30% sucrose until the tissue sank
in the solution. Lung cryosections of 5 mm were stained with
propidium iodide Q:11(PI) (3 mg/mL) to determine cellular death and
damage. Mean fluorescent intensity was analyzed using NIS el-
ement viewer 4.20, and total percentage of mean fluorescent
intensity per each image was used for quantifications.

Isolation of neutrophils from bone marrow
Femurs and tibias were flushed with 5 mL of Hanks buffered
saline solution buffer using a 25G needle. Isolation and bone
marrow and subsequent assays are described elsewhere and in
supplemental Methods.

Isolation of platelet-rich plasma and washed
murine platelets
Platelet-rich plasma was isolated as previously described.13

Flow cytometry
Flow cytometry was completed as previously described.13

Statistics
Descriptive results of continuous variables were expressed as
mean 6 standard error of the mean. Paired, 2-tailed Student
t test analysis available in Prism, version 7.01 (Graph Pad Soft-
ware) was applied to evaluate statistical differences for 2 groups.
P , .05 was considered statistically significant. Detailed de-
scription of methods for clinical data are described in supple-
mental Methods.

TLT-1 copy number
Quantum Simply Cellular anti-mouse immunoglobulin G bead
kit (Bangs Laboratories) was used per instructions.

Results
Patient characteristics
The characteristics of the 799 patients included in this analysis
have been published22,24 and are shown in supplemental Table 1.
The mean age of the patients in our cohort was 52 years, and
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42% of the patients were female. The mean APACHE IIIQ:12 score was
85. Although the mean platelet count at baseline was within
normal range, 57% of the patients in the trial were thrombo-
cytopenic at baseline, and 26% presented with coagulation
failure (,80 000 plt/mL). Neither platelet counts nor plasma
sTLT-1 concentrations (mean [range], 1831 [0-21 864] pg/mL)
varied significantly with age, gender, ventilation volume, drug
type, or baseline PaO2/FiO2.

Platelet counts and clinical outcomes
Because one of the goals of our study is to assess the value of
TLT-1 as a biomarker for ARDS, we first examined the prognostic
value of platelet counts in the ARDS Network trial. Previous
studies demonstrated a direct relationship between platelet
count and survival in ARDS.10,12 Similar to previous reports,
higher platelet counts were associated with improved survival
and lower morbidity. Patients who survived had higher baseline
platelet counts compared with patients who died (P 5 .007;
Figure 1A). The 28-day survival rate was significantly lower (log
rank, P 5 .003) for patients who presented with coagulation
failure (,80 000 plt/mL) compared with patients with platelet
counts .80 000 plt/mL at baseline (Figure 1B). Patients pre-
senting with ,80 000 plt/mL were also less likely to achieve
48 hours of unassisted breathing than those with.80 000 plt/mL
(P 5 .0027; Figure 1C). Table 1 presents the unadjusted and
adjusted risks of mortality and requirement for persistent ven-
tilation for patients presenting with platelet levels ,80000 plt/mL.
These patients were 50%more likely to die andwere less likely to
breath without assistance. Coagulation failure at baseline cor-
related with higher mean APACHE scores (93 vs 82 for patients
with high baseline platelet counts; P , .001), but it lost signifi-
cance as a predictor of mortality when we controlled for cova-
riates such as age, ventilator volume, creatinine levels, and
APACHE score.

Plasma sTLT-1 concentrations and clinical outcomes
Whereas lower platelet counts were associated with higher risks
of mortality, we observed the opposite trend with plasma sTLT-1
concentrations. Plasma concentrations of sTLT-1 measured from
samples collected on day 1 were significantly higher (P 5 .012)
in samples of patients who died than in those who survived
(Figure 1D). Day 3 sTLT-1 levels were not significantly different
between survivors and nonsurvivors (Figure 1G). When stratified
by sTLT-1 plasma quartiles, the first quartile (0-783 pg/mL) of day
1 sTLT-1 levels correlated with survival (P , .001; supplemental
Table 2). Based on the peak of the frequency distribution of
sTLT-1 concentrations among patients, we chose 1200 pg/mL as
a single cutoff value to evaluate survival and other clinical
outcomes. The 28-day survival time and survival rates are sig-
nificantly lower for patients with plasma sTLT-1 concentrations
exceeding 1200 pg/mL on either day 1 (mean 23.6 days vs 26.8
days) or day 3 (mean 24.7 days vs 26.7 days; P , .0001;
Figure 1E,H). Patients with plasma sTLT-1 .1200 pg/mL also
had prolonged need for ventilation (log rank, P# .001; Figure 1F,
I). Table 1 presents the adjusted risks of mortality and need for
persistent ventilation for patients with sTLT-1 levels .1200 pg/
mL on days 1 and 3. Statistically significant odds ratios are seen
for mortality (P 5 .001) and persistent ventilation requirement
(P , .001). In contrast to coagulation failure, elevated sTLT-1
retained significance as an independent predictor of mortality as
well as the need for persistent ventilator support when con-
trolled for age, ventilator volume, creatinine, thrombocytopenia,

and APACHE scores (Table 1). Ethnicity, drug type,23 and gender
were not found to be significant contributing factors. The ROC
suggests that 1200 pg/mL as a single cutoff value is a better
predictor of mortality than platelet count or coagulation failure
(Table 1).

TLT-1 protects against inflammatory associated
hemorrhage in murine ALI model
To gain insights into how platelets and TLT-1 function during the
progression of ALI/ARDS, we used LPS to induce ALI in our
treml12/2 model. We inoculated wild-type (WT) and treml12/2

mice intranasally with LPS and evaluated the bronchoalveolar
lavage fluid (BALF) for bleeding 24 hours postchallenge. Con-
sistent with a role for TLT-1 in ALI, our results demonstrate
that LPS treatment led to significant hemorrhage in the BALF
of treml12/2 mice compared with WT mice that was confirmed
by lung histology (Figure 2A-B). Evaluation of the BALF by
flow cytometric analysis demonstrated that treml12/2 mice had
40 times more RBCs than WT mice (2000/mL vs 50/mL, P , .05;
Figure 2C). Our results demonstrate that treml12/2 mice fail
to maintain hemostasis in ALI where WT mice maintain
competency.

TLT-1 mediates neutrophil transmigration during
inflammation in vivo
Parallel studies in our laboratory using the chemokine CXCL2
(MIP2) to attract neutrophils into the cremaster muscle dem-
onstrate a delay of neutrophil transmigration in treml12/2 mice
(supplemental Figure 1). Because CXCL2 and CXCR2 play
a significant role in attracting neutrophils to the lungs,2 we in-
vestigated if this apparent delay witnessed at the cellular level in
the cremaster muscle applies in the lungs. We evaluated neu-
trophil content in the BALF at 12 and 24 hours after nasal LPS
treatment (Figure 2D-E). At 12 hours, the WT mice have on
average 56.4% more neutrophils in the BALF than the treml12/2

mice. At 24 hours, the WT mice have resolved the neutrophil
influx and exhibit baseline levels of neutrophils. In contrast,
the treml12 /2 mouse is inundated with neutrophils, dem-
onstrating 25 times more cells than WT, even 3 times
more than control mice at 12 hours, supporting the concept
that the neutrophils from treml12 /2 mice are delayed in
transmigration.

In vitro evaluation of TLT-1 effects on neutrophils
and neutrophil transmigration
To directly examine TLT-1’s effect on neutrophil transmigration,
WT and treml12/2 neutrophils were isolated from the bone
marrow and seeded with platelets from WT or treml12/2 mice
into the upper chamber of a fibrinogen-coated transwell plate.
Without fibrinogen, platelets pass through the membrane freely
as single platelets or as conjugates to neutrophils (data not
shown). Figure 3A demonstrates that WT and treml12/2 neu-
trophils incubated with WT platelets migrated equally into
the bottom chambers as measured by Gr1-positive events by
flow cytometry (Figure 3D-E). WT neutrophils incubated with
treml12/2 platelets also migrated, but 43.736 24.75% did so as
platelet-leukocyte conjugates compared with only 8.92 6 2.4%
with WT platelets (Figure 3B,D-F). Neutrophils from treml12/2

mice incubated with treml12/2 platelets also migrated as con-
jugates, and there were significantly fewer cells that migrated
(2125 6 489 vs 4600 6 684; n 5 4/group, P # .001; Figure 3B).
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As neutrophils have the capability to phagocytize platelets, we
examined whether the loss of TLT-1 resulted in altered
neutrophil-mediated platelet phagocytosis. There was no dif-
ference in platelet phagocytosis between WT and treml12/2

neutrophils, confirming that differences in neutrophil migration
were not because of platelet ingestion (supplemental Figure 2).
Staining with PI revealed that more treml12/2 neutrophils un-
derwent apparent necrosis in the transmigration process as
denoted by a twofold increase in PI staining compared with WT
neutrophils (Figure 3C). The twofold difference in cell death
raised the possibility that neutrophils may express one of the
TLT-1 isoforms. Transcriptome analysis of resting and activated
WT, treml12/2, or human neutrophils did not reveal any
treml12/2 derived transcripts (supplemental Figure 3). From
these studies, we can conclude that platelet-derived TLT-1 is

necessary for platelet modulation of neutrophil transmigration
and longevity during inflammation.

To evaluate the possible therapeutic potential of TLT-1, we used
voldemort, a polyclonal anti-TLT-1 antibody with reactivity to
amino acids 122 to 139 of TLT-1 produced in our laboratory.25

When we inhibited TLT-1 by adding anti-TLT-1 polyclonal
antibodies to the transmigration assays, there was a 3.2 times
reduction in transmigration (P 5 .035) and an associated 47%
increase in the abundance of platelet-neutrophil conjugates over
assays with control antibodies, supporting a concept that TLT-1
is necessary for platelet release of the neutrophil (P5 .0065, n5
4; Figure 3H,J,L). Conversely, the addition of sTLT-1 reduced
the platelet-neutrophil conjugate phenotype of treml12/2 neu-
trophils by 2.8 times (P 5 .0035) and increased the proportion
of neutrophils that transmigrated as single units by 54.6%
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Figure 1.Q:19 Predictive validation of platelet counts and plasma sTLT-1 in mortality associated with ARDS. (A) Comparison of baseline platelet counts between survivors and
nonsurvivors (Student t test, P5 .007). Kaplan-Meier survival curves comparing survival (n5 782; log rank, P5 .003) (B) and days to achieve unassisted breathing (n5 782;
log rank, P 5 .009) (C) between patients with,80 000 plt/mL and.80 000 plt/mL. Comparison of day 1 (D) and day 3 (G) sTLT-1 levels between survivors and nonsurvivors
(day 1: n 5 799; Student t test, P 5 .012; day 3: n 5 626; NS, not significant). The whiskers represent the 10th and 90th percentile. Kaplan-Meier survival curves
using the day 1 sTLT-1 levels and the 1200 pg/mL cutoff to compare survival (n 5 799; log rank, P , .0001) (E) and ventilation-free days (n 5 799; log rank, P 5 .027) (F).
Kaplan-Meier survival curves using the day 3 sTLT-1 levels and the 1200 pg/mL cutoff to survival (n 5 684; log rank, P , .0001) (H) and ventilation free days (n 5 626; log
rank, P , .005) (I).
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(P 5 .046; Figure 3I,K,M). We subsequently asked if sTLT-1 was
affecting protease release. The addition of sTLT-1 to neutrophil
protease release assays (supplemental Figure 4) demonstrated
a relatively small effect on elastase and myeloperoxidase and
no impact on cathepsin G release. These results suggest that
sTLT-1’s effects on neutrophil transmigration were not because
of a direct effect on neutrophils but a secondary consequence of
TLT-1 effects on platelets and/or the immediate environment. It
seems that platelets are retained on the fibrinogen matrix when

TLT-1 is present, releasing neutrophils for transmigration, whereas
relative adherence to neutrophils is enhanced and prolonged when
TLT-1 is not present.

In vivo modulation of platelet function with
exogenous sTLT-1
Next, we examined if we could affect platelet function in vivo
with exogenous sTLT-1. Soluble TLT-1 injected into treml12/2

mice is detectable by enzyme-linked immunosorbent assay for

Table 1. Adjusted and unadjusted risks of mortality and need for persistent ventilation for patients having baseline
platelet counts less than 80000 plt/mL (coagulation failure) or sTLT-1 levels greater than 1200 pg/mL on day 1 and day 3

Outcome

Coagulation failure sTLT-1 1200 day 1 sTLT-1 1200 day 3

OR* 95% CI P* ROC OR* 95% CI P* ROC OR* 95% CI P* ROC

Mortality
Unadjusted 1.568 1.135-2.167 .003 0.545 2.155 1.595-2.912 ,.001 0.588 1.81 1.296-2.530 .001 0.569
Adjusted NS NS NS 1.91 1.376-2.651 ,.001 1.726 1.201-2.479 .003

Required persistent ventilation

Unadjusted 1.522 1.100-2.105 .011 1.645 1.223-2.214 .002 1.616 1.157-2.257 .006
Adjusted NS NS NS 1.423 1.032-1.96 .032 1.499 1.049-2.142 .026

Risks are presented as odds ratios (ORs) and are defined as mortality and requirement persistent ventilation. ORs for distributions of nominal and ordinal data were calculated using the
Cochran-Mantel-Haenszel method, and binary logistic analysis controlling for covariates (age, creatinine, APACHE III, ventilation volume, ethnicity, thrombocytopenia, and drug type) was
used to calculate ORs for mortality, and persistent ventilation, between platelet count or sTLT-1 stratificationsQ:24 .

CI, confidence interval; ROC, receiver operator characteristic.
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2 days in the serum of null mice (data not shown). To evaluate if
sTLT-1 is taken up by platelets and presented at the site of
inflammation, we evaluated TLT-1 content in treml12/2 platelets.
After injection of sTLT-1, it appears that the sTLT-1 is brought in
to the a-granules before translocating to the platelet surface. It
seems that at 3 hours more of the sTLT-1 colocalizes with P-
selectin than the surface receptor Gp1b (supplemental Figure 5).
Immunohistochemistry at 1, 3, and 6 hours postinjection
revealed that the sTLT-1 is taken up by the platelets and found
on the platelet surface, with levels peaking at 3 hours post-
injection (Figure 4A-B). Twenty-four hours after injection, sTLT-1
can be found along the linings of lungs, similar to what is seen in
WT mice (Figure 4C). Subsequently, we tested if sTLT-1 could
rescue the bleeding phenotype. The addition of sTLT-1 after LPS
challenge significantly decreased tissue damage by 25% (P #

.001) and reduced RBC influx by 40% (P# .001) in sTLT-1-treated
treml12/2 mice compared with nontreated mice (Figures 4D-H).
Taken together, these data suggest that platelets not only use
TLT-1 to regulate lung damage, but also can resorb and re-
distribute exogenously administered TLT-1 to sites of disuse.

TLT-1 and fibrin(ogen) interaction
We have previously demonstrated that TLT-1 binds fibrinogen.13

To quantify the avidity of the TLT-1/fibrinogen interaction, we
measured the TLT-1 copy number on resting and activated
platelets from normal human volunteers. We measured TLT-1
surface expression at baseline and after activation with con-
centrations of 5 and 20mMadenosine 59-diphosphate (ADP). We
show a mean of 2089 copies at baseline, 48 835 copies with
5 mM, and 55 778 copies with 20 mM ADP (n 5 3; Figure 5A-B).
Some of the volunteers displayed a reduction of surface TLT-1 at
20 mM, which is consistent with receptor shedding. Next, we
measured TLT-1’s affinity to fibrinogen using a plate bound
assay. We demonstrate a concentration-dependent binding of
sTLT-1 to fibrinogen. Our results estimate a Kd of 53 nM
(Figure 5C). Taken together, the expression of TLT-1 on the
surface of cells would strengthen platelet interaction with fi-
brinogen by increasing both affinity and avidity of platelets for
fibrinogen. To test if there were differences in fibrin(ogen) de-
position in our mice, we treated treml12/2 mice with exogenous
sTLT-1 and compared them with mock-treated treml12/2 or WT
mice. We harvested lungs from these mice 24 hours after nasal
LPS treatment and stained for fibrinogen. Figure 5D demon-
strates that the treml12/2 mice have a significant 29% (P # .001)
decrease in fibrinogen deposition compared with WT mice.
Introduction of sTLT-1 reestablishes fibrinogen accretion in the
treml12/2 mouse (P # .01), clearly demonstrating a role for TLT-
1/sTLT-1 in regulation of fibrinogen deposition in the lungs.

Discussion
Although platelets are assumed to play a causative role in both
ARDS progression and resolution, most of those assumptions are
based on the known roles of platelets as mediators of co-
agulation, inflammation, and tissue remodeling. Animal models
have produced some indirect evidence of platelet activity in
ARDS; however, supporting data in both human and animal
models are lacking. To our knowledge, this is the first detailed
study that defines a platelet-specific ARDS biomarker as an
independent prognostic factor in ARDS. We examined the re-
lationship between platelet counts and clinical outcome in this
group of patients and found an inverse correlation between

survival and platelet counts, consistent with reports in other
populations.10,12 We subsequently demonstrate that subjects
with total sTLT-1 levels .1200 pg/mL have a 91% increased risk
of mortality compared with subjects with levels ,1200 pg/mL
(P , .05).

Prior clinical studies in ALI/ARDS have focused exclusively on
either platelet counts or biomarkers of endothelial damage,
epithelial damage, or inflammation. Here, we demonstrate that
both very low baseline platelet counts (,80000/mL) and ele-
vated plasma sTLT-1 concentrations (.1200 pg/mL) are
predictors of mortality and morbidity. Only sTLT-1 retains
significance when we control for other covariates, suggesting that
the contents of a-granules released either through platelet acti-
vation or platelet destruction may mediate clinical sequalae that
lead to organ failure, permanent lung damage, or death. Recent
work by Yuan et al demonstrates necrotic platelets are subject to
having Q:13their membranes removed by neutrophils. Themembranes
subsequently facilitate neutrophil macroaggregate formation and
occlusion ofmedium-sized vessels in the lung.8 Platelet destruction
of this magnitude could account for the higher levels of sTLT-1
seen in patients that do not survive. Although these studies
demonstrate that TLT-1 is a platelet specific prognostic factor in
ARDS, they also suggest that TLT-1 plays a role in the underlying
mechanisms of disease progression, prompting our further
investigation.

The restoration of the TLT-1 function by the soluble fragment
may seem contradictory to the ARDS data, where high levels are
associated with mortality. However, in our mouse model we are
rescuing the null phenotype, which strengthens our argument
for TLT-1 regulation of fibrinogen deposition and defines a role
for sTLT-1. Interestingly, we have cloned a soluble TLT-1 spice
variant and have identified using RNA sequencing the transcript
that represents this soluble form of TLT-1. It is predicted to
represent ;5% of the transcript present in human platelets
(supplemental Figure 6; supplemental Table 3) and further
supports the idea of an important role of the soluble form of TLT-
1. The reduction of TLT-1 surface expression (Figure 5A) is
suggestive of receptor shedding and consistent with the work of
Fong et al.26 Because only ;5% of the TLT-1 transcript is of the
soluble form, it more likely that the larger part of what we
measure is from cleaved surface receptor. We are, however
unable to comment at this time if the cleaved form and the
secreted form have the same function.

TLT-1 binds fibrinogen, and we have previously demonstrated
that TLT-1 increases fibrinogen deposition and platelet adher-
ence to the endothelium in in vitro assays.13,19 Here, we dem-
onstrate in an in vivomodel that TLT-1 is important for fibrinogen
deposition and reduction of bleeding in the lung. Moreover, we
demonstrate that introduction of sTLT-1 restores fibrinogen
deposition and significantly reduces bleeding and tissue dam-
age in an ALI model. As such, our findings not only demonstrate
a role for TLT-1 in the progression of ALI/ARDS, but also im-
plicate fibrinogen. Current literature supports a role for fibrin-
ogen in neutrophil trafficking. Several studies have implicated
fibrinogen deposition on the endothelium as a neutrophil-
honing signal during inflammation27-29 and demonstrated that
neutrophil transmigration and neutrophil-mediated clearance of
pathogens are mediated by fibrinogen.30-32 TLT-1 interaction
with fibrinogen may regulate immune-derived bleeding, a role
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thought not to be played by the integrin aIIbb3’s interaction
with fibrinogen.33

Our data demonstrate that exogenously administered TLT-1 is
absorbed and released, making platelets a potential cache
for sTLT-1. This finding, together with the clinical trends noted
with the ARDS cohorts21 and sepsis patients,13 suggests that
when plasma TLT-1 is high, the cache capacity of platelets is
exhausted. We posit that under these conditions, fibrin(ogen)/
TLT-1 interaction is no longer confined to sites of inflammation
giving greater access to plasmin, leading to classical DIC,
consumption of coagulation factors, and mortality. Accordingly,
in treml12/2 mice where TLT-1 is not available to regulate fibrin
(ogen) deposition, we see higher d-dimer levels during sepsis
compared with WT mice.13

Neutrophil infiltration into lung interstitia is a hallmark of ARDS,
and formation of platelet neutrophil conjugates has been shown
to be essential in both progression of ARDS and in the resolution
of tissue damage.6 When platelets are activated P-selectin is
expressed. P-selectin interacting with PSGL-1 initializes34 ad-
hesion between platelets and neutrophils, which is strengthened
by the interaction between GP1b and the integrin, amb2,35

during acute inflammation. Neutrophils subsequently extrava-
sate into the tissues; platelets on the other hand, are rarely
seen in the tissues or extracellular matrix. Logic suggests that
a mechanism exists to break the tethered platelet-neutrophil
interaction. One interpretation of the data presented here is that
TLT-1 mediation of fibrinogen deposition facilitates neutrophil
honing for transmigration27Q:14 and subsequent platelet release

from neutrophils resulting in vessel protection and reduced
tissue damage. In the transmigration assays, without fibrinogen
in the wells, platelets pass through as single units as well as
platelet neutrophil conjugates (data not shown). With the ad-
dition of fibrinogen (Figure 3A), only the neutrophils pass to the
bottom chamber, suggesting that platelet interaction with fi-
brinogen modulates platelet-neutrophil interactions.

Our work extends our findings on TLT-1’s role on clot formation
and sepsis.13 This is the first in vivo demonstration of TLT-1
regulation of fibrinogen binding. We suggest that TLT-1 in-
teraction with fibrinogen is responsible for control of bron-
choalveolar hemorrhage, as well as platelet modulation of
neutrophil transmigration, and that elevated levels of TLT-1 in
inflammatory conditions are biomarkers of dysregulation of
these processes.
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Valance WA. Emerging roles for platelets in
inflammation and disease. J Infect Dis Ther.
2014;2(4):149.

5. Yadav H, Kor DJ. Platelets in the pathogenesis
of acute respiratory distress syndrome. Am
J Physiol Lung Cell Mol Physiol. 2015;309(9):
L915-L923.

6. Zarbock A, Singbartl K, Ley K. Complete re-
versal of acid-induced acute lung injury by
blocking of platelet-neutrophil aggregation.
J Clin Invest. 2006;116(12):3211-3219.

7. Zheng S, D’Souza VK, Bartis D, et al. Lipoxin A4

promotes lung epithelial repair whilst inhibit-
ing fibroblast proliferation. ERJ Open Res.
2016;2(3):00079-2015.

8. Yuan Y, Alwis I, Wu MCL, et al. Neutrophil
macroaggregates promote widespread
pulmonary thrombosis after gut ischemia.
Sci Transl Med. 2017;9(409):eaam5861.

9. Ware LB, Eisner MD, Thompson BT, Parsons
PE, Matthay MA. Significance of von Wille-
brand factor in septic and nonseptic patients
with acute lung injury. Am J Respir Crit Care
Med. 2004;170(7):766-772.

10. Wang T, Liu Z, Wang Z, et al.
Thrombocytopenia is associated with acute
respiratory distress syndrome mortality: an
international study. PLoS One. 2014;9(4):
e94124.

11. Wei Y, Wang Z, Su L, et al. Platelet count
mediates the contribution of a genetic variant
in LRRC16A to ARDS risk. Chest. 2015;147(3):
607-617.

12. Vanderschueren S, De Weerdt A, Malbrain M,
et al. Thrombocytopenia and prognosis in

intensive care. Crit Care Med. 2000;28(6):
1871-1876.

13. Washington AV, Gibot S, Acevedo I, et al.
TREM-like transcript-1 protects against
inflammation-associated hemorrhage by fa-
cilitating platelet aggregation in mice and
humans. J Clin Invest. 2009;119(6):
1489-1501.

14. Washington AV, Schubert RL, Quigley L, et al.
A TREM family member, TLT-1, is found ex-
clusively in the a-granules of megakaryocytes
and platelets. Blood. 2004;104(4):
1042-1047.

15. Barrow AD, Astoul E, Floto A, et al. Cutting
edge: TREM-like transcript-1, a platelet
immunoreceptor tyrosine-based inhibition
motif encoding costimulatory immunor-
eceptor that enhances, rather than inhibits,
calcium signaling via SHP-2. J Immunol. 2004;
172(10):5838-5842.

16. Yoon SH, Lee YD, Ha J, Lee Y, Kim HH. TLT-1s,
alternative transcripts of triggering receptor
expressed on myeloid cell-like transcript-1
(TLT-1), Inhibits the triggering receptor
expressed on myeloid cell-2 (TREM-2)-medi-
ated signaling pathway during osteoclasto-
genesis. J Biol Chem. 2012;287(35):
29620-29626.

17. Giomarelli B, Washington VA, Chisholm
MM, et al. Inhibition of thrombin-induced
platelet aggregation using human single-
chain Fv antibodies specific for TREM-like
transcript-1. Thromb Haemost. 2007;97(6):
955-963.

18. Gattis JL, Washington AV, Chisholm MM,
et al. The structure of the extracellular
domain of triggering receptor expressed on
myeloid cells like transcript-1 and evidence
for a naturally occurring soluble fragment.
J Biol Chem. 2006;281(19):
13396-13403.

19. Morales J, Villa K, Gattis J, et al. Soluble TLT-1
modulates platelet-endothelial cell inter-
actions and actin polymerization. Blood
Coagul Fibrinolysis. 2010;21(3):229-236.

20. Simon LM, Edelstein LC, Nagalla S, et al.
Human platelet microRNA-mRNA networks
associated with age and gender revealed by
integrated plateletomics. Blood. 2014;
123(16):e37-e45.

21. Morales-Ortı́z J, Rondina MT, Brown SM,
Grissom C, Washington AV. High levels of

soluble triggering receptor expressed on
myeloid cells–like transcript (TLT)-1 are asso-
ciated with acute respiratory distress syn-
drome. Clin Appl Thromb Hemost. 2018;
24(7):1122-1127.

22. Brower RG,MatthayMA,Morris A, Schoenfeld
D, Thompson BT, Wheeler A; Acute Re-
spiratory Distress Syndrome Network.
Ventilation with lower tidal volumes as com-
pared with traditional tidal volumes for acute
lung injury and the acute respiratory distress
syndrome. N Engl J Med. 2000;342(18):
1301-1308.

23. The ARDS Network. Ketoconazole for early
treatment of acute lung injury and acute re-
spiratory distress syndrome: a randomized
controlled trial. JAMA. 2000;283(15):
1995-2002.

24. Suratt BT, Eisner MD, Calfee CS, et al; NHLBI
Acute Respiratory Distress Syndrome Net-
work. Plasma granulocyte colony-stimulating
factor levels correlate with clinical outcomes in
patients with acute lung injury. Crit Care Med.
2009;37(4):1322-1328.

25. Manfredi B, Morales-Ortı́z J, Dı́az-Dı́az LM,
et al. The characterization of monoclonal
antibodies to mouse TLT-1 suggests that TLT-
1 plays a role in wound healing. Monoclon
Antib Immunodiagn Immunother. 2018;37(2):
78-86.

26. Fong KP, Barry C, Tran AN, et al. Deciphering
the human platelet sheddome. Blood. 2011;
117(1):e15-e26.

27. Diacovo TG, Roth SJ, Buccola JM, Bainton
DF, Springer TA. Neutrophil rolling, arrest,
and transmigration across activated,
surface-adherent platelets via sequential
action of P-selectin and the beta 2-integrin
CD11b/CD18. Blood. 1996;88(1):146-157.

28. Ding ZM, Babensee JE, Simon SI, et al.
Relative contribution of LFA-1 and Mac-1
to neutrophil adhesion and migration.
J Immunol. 1999;163(9):5029-5038.

29. Lu H, Smith CW, Perrard J, et al. LFA-1 is
sufficient in mediating neutrophil emigration
in Mac-1-deficient mice. J Clin Invest. 1997;
99(6):1340-1350.

30. Lishko VK, Kudryk B, Yakubenko VP, Yee VC,
Ugarova TP. Regulated unmasking of the
cryptic binding site for integrin alpha
M beta 2 in the gamma C-domain of

10 blood® nnn nnn 2018 | VOLUME 00, NUMBER 00 MORALES-ORTÍZ et al

mailto:anthony.washington@upr.edu
https://doi.org/10.1182/blood-2018-03-841593
https://doi.org/10.1182/blood-2018-03-841593


fibrinogen. Biochemistry. 2002;41(43):
12942-12951.

31. Flick MJ, Du X, Witte DP, et al. Leukocyte
engagement of fibrin(ogen) via the integrin
receptor alphaMbeta2/Mac-1 is critical
for host inflammatory response in vivo.
J Clin Invest. 2004;113(11):1596-1606.

32. Yakovlev S, Mikhailenko I, Cao C, Zhang L,
Strickland DK, Medved L. Identification

of VLDLR as a novel endothelial cell
receptor for fibrin that modulates fibrin-
dependent transendothelial migration
of leukocytes. Blood. 2012;119(2):
637-644.

33. Goerge T, Ho-Tin-Noe B, Carbo C, et al.
Inflammation induces hemorrhage in
thrombocytopenia. Blood. 2008;111(10):
4958-4964.

34. Lam FW, Burns AR, Smith CW, Rumbaut RE.
Platelets enhance neutrophil transendothelial
migration via P-selectin glycoprotein ligand-1.
Am J Physiol Heart Circ Physiol. 2011;300(2):
H468-H475.

35. Simon DI, Chen Z, Xu H, et al. Platelet
glycoprotein ibalpha is a counterreceptor for
the leukocyte integrin Mac-1 (CD11b/
CD18). J Exp Med. 2000;192(2):193-204.

TLT-1 FUNCTION IN ARDS blood® nnn nnn 2018 | VOLUME 00, NUMBER 00 11



QA1: If you or your coauthors have an ORCID ID that you did not provide at submission, but
you would like to include it in this publication, please provide it with your corrections. If
any ORCID IDs were provided at submission, they have been placed in the authorship
section of this article. If you do not have an ORCID ID andwould like one, you can register
for your unique digital identifier at https://orcid.org/register.

Q: 1_: To ensure correct PubMed indexing and searchability for all authors, please highlight the
surname for each author in the author group. If the surname includesmultiple parts, ensure
that all parts are highlighted.

Q: 2_: Your figures may have been altered to conform to Blood style, which includes, but is not
limited to, standard colors and fonts. Please check your figures and legends carefully to
make sure the labeling and data are correct, including references to color and/or shading
in the legend, and mark any necessary alterations in your proofs. Use the color names in
the color palette provided in the Blood Author Center when altering references to color in
the legend.

Q: 3_: If your article has a required visual abstract or you have chosen optionally to provide a
visual abstract (limited to specific article types), then please find the visual abstract file
located in the Visual Abstracts section of The Blood Author Center. This is a separate file
from your article proof also downloaded from The Author Center. Visual abstracts are
altered to conform to Blood style. Please check the visual abstract carefully and confirm
whether it meets with your approval or if changes are needed.

Q: 4_: Please verify all author names and affiliations.

Q: 5_: Note that abbreviations are permitted in abstract if used 2 or more times and in text if used
3 or more times. (Cell lines, genes/proteins, restriction enzymes, and mouse strains do not
require expansion.)

Q: 6_: Several abbreviations have been expanded at first mention per journal style; please check
throughout.

Q: 7_: OK to spell out abbreviation "ARDS NET" as "ARDS Network" here and elsewhere?

Q: 8_: Please expand the abbreviation "APACHE."

Q: 9_: Please expand the abbreviation "DIC" here on first mention.

Q: 10_: Does edit preserve your intent? ("Treml12/2 mice")

Q: 11_: Does edit preserve your intent? ("iodide" rather than “iodine”)

Q: 12_: Please expand the abbreviation "APACHE" here on first mention.

Q: 13_: Does edit preserve your intent? ("are subject to having")
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Q: 14_: The citation to Reference 27 appears to be out of order.

Q: 15_: Please clarify author initials "L.R." in the contribution paragraph (no coauthor appears to
have these initials).

Q: 16_: Please expand the abbreviation "PE" here on first mention.

Q: 17_: Coauthor Jesse W. Rowley (J.W.R.) has not been included in the author contribution.
Please include this coauthor.

Q: 18_: Please verify the corresponding author’s contact information.

Q: 19_: Please review all of your figures to verify that their presentation is acceptable.

Q: 20_: Does edit preserve your intent? ("I" rather than “E”)

Q: 21_: Does edit preserve your intent? "sTLT-1" rather than "smTLT-1"

Q: 22_: Previously, this term has been spelled "voldemort"; please indicate which spelling is
correct/intended.

Q: 23_: Please check whether the red line appears in the figure (it does not appear to show in
panel D).

Q: 24_: Do edits to this sentence preserve your intent? (Sentence beginning "ORs for distributions
of nominal...")
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