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Soluble TREM-like Transcript-1 Acts as a Damage-Associated
Molecular Pattern through the TLR4/MD2 Pathway
Contributing to Immune Dysregulation during Sepsis

Chia-Ming Chang,*' Kuang-Hua Cheng,”' Tsai-Yin Wei,® Meng-Ping Lu,* Yi-Chen Chen,*
and Yen-Ta Lu®'

Studies have shown that elevated plasma levels of platelet-derived soluble TREM-like transcript-1 (sTLT-1) are associated with an
unfavorable outcome in patients with septic shock. However, the underlying molecular mechanisms are not well defined. This
research aimed to study the role of STLT-1 in mediating immune dysfunction during the development of sepsis. Our study
demonstrated that patients with septic shock have significantly higher plasma concentrations of sTLT-1, whereas sTLT-1 is not
detectable in healthy subjects. Plasma concentrations of sTLT-1 were correlated with the degree of immunosuppressive
parameters in monocytes from patients with septic shock. sTLT-1 can first activate monocytes by binding to the TLR4/MD2
complex but subsequently induce immunosuppressive phenotypes in monocytes. Blocking Abs against TLR4 and MD2 led to a
significant decrease in STLT-1-induced activation. Treatment with an anti-TLT-1 Ab also significantly reduces sTLT-1 binding
to monocytes and proinflammatory cytokine secretion in a mouse model of endotoxemia. sSTLT-1 acts as an endogenous damage-
associated molecular pattern molecule, triggering the activation of monocytes through the TLR4/MD2 complex followed by
sustained immune suppression. This process plays a crucial role in the development of sepsis-associated pathophysiology. Our
findings outline, to our knowledge, a novel pathway whereby platelets counteract immune dynamics against infection through

STLT-1. The Journal of Immunology, 2023, 210: 1351-1362.

epsis, a systemic inflammatory response syndrome caused by

severe infection, remains a global healthcare problem and a

life-threatening condition. It is becoming increasingly clear
that patients with sepsis exhibit a biphasic immunological response
that varies over time. During the initial phase of sepsis, a hyperin-
flammatory immune reaction is mediated by receptors on innate
immune cells capable of responding to a wide range of pathogen- or
damage-associated molecular patterns. This acute-phase reaction pro-
duces a systemic inflammatory response, including proinflammatory
cytokine release, that may cause hemodynamic instability, multiorgan
dysfunction, coagulation abnormalities, and shock (1). Concomitant
with the hyperinflammatory response is a nearly simultaneous pro-
duction of anti-inflammatory cytokines; the immune system rapidly
enters a hypoinflammatory state (2), manifested as an increased risk
of developing late nosocomial infections (2—4). Most patients with
sepsis survive the initial hyperinflammatory immune response but
cannot survive subsequent secondary infections due to a broadening
immune dysregulation (5, 6).

Indicators of the hypoinflammatory state observed in patients
with sepsis include lymphocyte abnormalities (2, 4, 7), monocytic
deactivation with diminished HLA-DR surface expression, and low
TNF-a production (8). Sustained reductions in monocyte HLA-DR
expression indicate a high risk for nosocomial infection and death in

patients with sepsis (9, 10). Recently, elevated programmed death
ligand-1 (PD-L1) expression on monocytes in patients with septic
shock was found to be associated with an increased occurrence of
nosocomial infections and mortality (11, 12). This finding suggests
that the level of PD-L1 expression in monocytes may also serve as
a marker for immunosuppression.

Platelets are crucial mediators of hemostasis, but recent advances
suggest that platelets can also influence innate and adaptive immune
responses (13—15). TREM-like transcript-1 (TLT-1) exists exclusively
in the a-granules of resting platelets and on the surface of activated
platelets. Upon platelet activation, TLT-1 is quickly exposed to the
membrane and subsequently cleaved, leading to the release of a soluble
fragment (sTLT-1). High levels of sTLT-1 are significantly correlated
with disseminated intravascular coagulation scores (16). Prolonged
STLT-1 expression in the plasma has been associated with reduced sur-
vival in patients with septic shock (17). In addition, STLT-1 has been
shown to bind the soluble TREM-1 ligand, thus interfering with leuko-
cyte activation (18). Collectively, these clinical and in vitro studies sug-
gest that STLT-1 may have multiple effects, playing a role in platelet
aggression and mediating leukocyte function during sepsis. However,
the physiological function of sTLT-1 is not fully understood. In this
study, we specifically investigated the mechanisms by which sTLT-1
interacts with and modulates the host immune system during sepsis.
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Materials and Methods
Study approval

This study was approved by the Institutional Review Board of Mackay
Memorial Hospital (Taipei, Taiwan), and written informed consent was
obtained from each participant. The procedures of all animal experiments were
approved by and complied with the regulations of the Institutional Animal
Care and Use Committee of MacKay Memorial Hospital (Taipei, Taiwan).

Clinical sample collection

We enrolled 21 patients with septic shock and 20 healthy subjects in an
observational study from April 2013 to April 2014. Septic shock was identi-
fied according to the criteria established at the Third International Consensus
Definitions for Sepsis and Septic Shock (Sepsis-3) (19). The exclusion crite-
ria included the following: age <20 y, leukemia, and receiving chemother-
apy or immunosuppressive therapy. The following clinical and biological
data were collected when patients were admitted to an intensive care unit:
age, sex, Acute Physiology and Chronic Health Evaluation II (APACHE II)
score, and Sequential (sepsis-related) Organ Failure Assessment (SOFA)
score. Each blood sample was obtained within 6 h of admission and sub-
jected to the measurement of cell-surface HLA-DR and PD-L1 expression
on CD14" monocytes. Flow cytometric analysis was performed on a BD
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA), and the col-
lected data were analyzed using FlowJo software (FlowJo, Ashland, OR).
The plasma samples were stored at —80°C until further examination.

Reagents and Abs

AIM-V, DMEM, and RPMI 1640 medium were from Thermo Fisher Scien-
tific (Waltham, MA). Escherichia coli LPS strain O111:B4 was purchased
from Sigma-Aldrich (St. Louis, MO). Recombinant human TLR4 and MD2
were purchased from R&D Systems (Minneapolis, MN). Phospho-IRF3
(Ser*®®) (D60O1M) rabbit Ab, phospho—IkB kinase o (IKKar) (Ser'”*/Ser'®%)
rat Ab, phopho-p38 MAPK (Thr'®/Tyr'®?) (D3F9) rabbit Ab, and phospho-
NF-kB p65 (Ser’>®) (93H1) rabbit Ab were obtained from Cell Signaling
Technology (Danvers, MA), and a 3-actin Ab was purchased from Protein-
tech (Rosemont, IL). The anti-MD2 Ab (clone 18H10) was purchased from
InvivoGen (Hong Kong, China) and anti-TLR4 Ab (clone HTA125) was
purchased from BioLegend (San Diego, CA). Mouse IgG1 (clone MOPC-21
and clone MG1-45) and mouse IgG2a (clone MOPC-173) were from
BioLegend. Rat IgG2b (clone LTF-2) and mouse IgG2b (clone MPC-11) were
from Bio X Cell (Lebanon, NH). To distinguish cell subsets, FITC-anti-
human CD66b (clone G10F5, BioLegend), PerCP-anti-human CD14 (clone
M®P9, BD Biosciences), PerCP-Cy5.5-anti-human CD14 (clone M®P9,
BD Pharmingen), and AF488-anti-human CD14 (clone MSE2, BioLegend)
were used to identify granulocytes (CD66bhiCDl4+), monocytes (CD14hi),
and lymphocytes (CD66bCD147). Abs including allophycocyanin-anti-His
Ab (clone J095G46, BioLegend), AF647-anti-human TLT-1 (clone 268420,
R&D Systems), allophycocyanin-anti-human PD-L1 (clone MIHI, Thermo
Fisher Scientific/eBioscience), and BVS510-anti-human HLA-DR (clone
1243, BioLegend) were used in the detection of markers and recombinant
soluble TLT-1 (rsTLT-1) binding on the cell surface. Dead cells were
excluded according to fixable viability stain 780 staining (BD Horizon, San
Jose, CA). CF647 conjugates of rsTLT-1 and BSA (negative control) were
labeled using CF dye and biotin SE (succinimidyl ester) protein labeling kits
(Biotium, Fremont, CA)

Generation of rsTLT-1

rsTLT-1 was generated by GenScript (Piscataway, NJ). Briefly, pET30a-
1sTLT-1 encoding a human TLT-1 extracellular domain (Gln'®~Pro'®?) with
a polyhistidine tag at the N terminus was expressed using E. coli and puri-
fied using Ni-NTA columns. The purity of the recombinant protein estimated
by densitometric analysis of a Coomassie Blue—stained SDS-PAGE gel
under reducing conditions was >90%. Endotoxin contamination of the puri-
fied proteins was examined using a Limulus amebocyte lysate endotoxin
assay kit (GenScript). All proteins were sterile, and the endotoxin concentra-
tion was lower than the detectable limit (<0.1 endotoxin unit/jLg protein).

Preparation of human WBCs and CD14”" monocytes

Human peripheral blood samples from healthy subjects were collected by
venipuncture into ACD (acid citrate dextrose) Vacutainer tubes. Human WBCs
were separated from peripheral blood using hypotonic erythrocyte lysis in
ammonium chloride containing ACK (ammonium-chloride-potassium) solu-
tion. Human CD14" cells were isolated from human PBMCs, which were
separated from whole blood through Ficoll-Paque density gradient centri-
fugation. The selection was carried out with a positive CD14 isolation kit
(Miltenyi Biotec, Auburn, CA) following the manufacturer’s instructions.
The cell viability was >90% according to trypan blue staining.

Flow cytometric analysis

Human rsTLT-1 was added to freshly isolated human WBCs or monocytes
in AIM-V medium and cultured at 37°C for 1 h before detection of binding
properties using flow cytometric analysis. The Ab-mediated perturbation of
rsTLT-1 binding was performed by adding 10 pg/ml Abs to WBCs and cul-
turing them at 37°C for 30 min prior to the rsTLT-1 binding procedures. In
some experiments, cells were resuspended in PBS containing 1% FBS at a
density of 2 x 10° cells/ml, and nonspecific binding of Abs was blocked by
using human Fc Block (BD Biosciences, San Jose, CA) at room temperature
for 10 min. Cell surface molecules and rsTLT-1 treatment were examined by
incubating cells with primary fluorochrome-labeled Abs at 4°C for 30 min in
PBS containing 1% FBS. Subsequent analysis was performed on a Cyto-
FLEX flow cytometer (Beckman Coulter, Indianapolis, IN), and the collected
data were analyzed using FlowJo software (FlowJo, Ashland, OR).

Quantitative PCR

Monocytes were cultured in the presence or absence of 10 pg/ml rsTLT-1
for the indicated times. The mRNA from the monocytes was extracted using
an RNeasy Plus mini kit (Qiagen, Germantown, MD). The transcripts were
processed to cDNA using SuperScript III reverse transcriptase (Invitrogen,
Waltham, MA) and quantified using an ABI Prism 7000 sequence detection
system (Applied Biosystems, Waltham, MA). The specific predesigned
primer/probe sets for TNF-a (Hs00174128_ml), IL-6 (Hs00174131_m1),
IL-10 (Hs00174086_m1), and GAPDH (Hs99999905_m1) were purchased
from Applied Biosystems.

Western blot

Purified monocytes were stimulated with rsTLT-1 (10 pg/ml) or LPS
(100 ng/ml) for the indicated times in AIM-V medium. The cell lysates
were resolved using SDS-PAGE and analyzed according to Western
blot analysis using various Abs of interest. Signal density was acquired
and quantified using a UVP ChemiDoc-It 815 image system (UVP,
Upland, CA) and National Institutes of Health Image].

ELISA

Plasma concentrations of sTLT-1 were measured using TREMLI1/TLT-1
DuoSet ELISA kits according to the manufacturer’s instructions (R&D Sys-
tems, Minneapolis, MN). In some experiments, monocytes were treated with
rsTLT-1 or LPS, and IL-6, IL-10, and TNF-a were then quantified in the
culture supernatant by using DuoSet ELISA Kkits.

Docking analysis of TLT-1 with TLR4 and MD?2 proteins

We used the ZDOCK program to illustrate the binding of TLT-1 with the
TLR4 and MD2 monomers (20). To identify the binding interactions, the
TLT-1 x-ray (PDB ID: 2FRG) (21) and the complexes from the x-ray of

Table I. Demographic and clinical characteristics of patients with septic
shock and healthy subjects upon enrollment

Healthy Subjects Patients
(n = 20) (n = 21)
Age, median (IQR), y 63 (61.3-67.8) 67 (49-74)
Sex, male/female 12/8 10/11
APACHE II score, median (IQR) NA 25 (19-27)
SOFA score, median (IQR) NA 11 (9-14)
Site of infection
Intrapelvic abscess NA 1
Intravascular catheters NA 1
Intra-abdominal infection NA 3
Necrotizing fasciitis NA 1
Wound infection NA 1
Pneumonia NA 9
Peritonitis NA 1
Infectious diarrhea NA 1
Urinary tract infection NA 3
Microbe
Gram-positive NA 3
Gram-negative NA 8
Fungal NA 1
Mixed infection NA 5
Unknown NA 4
28-d mortality NA 7

APACHE 1I, Acute Physiology and Chronic Health Evaluation II; IQR, inter-
quartile range; NA, not available; SOFA, Sequential Organ Failure Assessment.
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TLR4 and MD2 (PDB ID: 3FXI) (22) were used for the docking procedure.
The docking parameters were set to default and with 6° angular sampling.
The results generated 186 positions from the program. We selected the best
prediction based on the highest ZDOCK score for interaction analysis.

Solid-phase binding assays

We used the solid-phase binding assay to study the direct binding of rsTLT-1
to TLR4 and MD2. Recombinant TLR4 (5 wg/ml in PBS), MD2 (5 pg/ml in
PBS), and BSA (negative control) proteins were plated separately in 96-well
plates and incubated overnight at 4°C. Blocking buffer (2% BSA in PBS)

A
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was added to the plates to avoid nonspecific binding for 2 h at room tempera-
ture. Serial dilutions of rsTLT-1 (5-78 ng/ml, 2-fold dilution) were added,
and the plates were allowed to incubate at room temperature for 2 h. The
anti-TLT-1 Ab (1 pg/ml in PBS) was added for 1 h. Next, the HRP-labeled
secondary Ab, anti-rat [gG-HRP, was added to the plate for a 30-min incubation
at room temperature. The plates were washed three times with PBS with 0.05%
Tween 20 (PBST) between each step. Finally, tetramethylbenzidine substrate
was added and the plates were incubated for 10—15 min for detection of the
HRP-labeling Ab. After that, 1 N HCI stop solution was added to stop the
reaction. Absorbance at ODyso was measured by a microplate reader.

CD14+ subset
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FIGURE 1.

Relationship among the levels of plasma sTLT-1, HLA-DR, and PD-L1 expression on monocytes in patients with septic shock. (A) Represen-

tative gating for monocytes from WBCs is shown. Briefly, monocytes were gated out of all events based on their forward scatter (FSC)/side scatter (SSC)
properties, followed by subsequent CD14" gating. Cells were then identified as CD14" monocytes. Histograms of geometric mean fluorescence intensity
(MFI) of HLA-DR and PD-L1 expressed on monocytes (heavy-line histograms) are shown. Dashed-line histogram represents relative isotype control.
(B) HLA-DR expression on monocytes was negatively correlated with the level of plasma sTLT-1, whereas a positive relationship was observed
between plasma sTLT-1 levels and PD-L1 cell surface expression on monocytes. Correlations were assessed using Pearson’s correlation coefficient.
Healthy subjects are indicated by an open circle; patients with septic shock are indicated by a closed circle.
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THP-1-XBlue-MD2-CD14 cell stimulation assay

The THP-1-XBlue-MD2-CD14 cell line was derived from the human mono-
cytic THP-1 cell line and purchased from InvivoGen (Hong Kong, China).
Cells were cultured in RPMI 1640 containing 10% heat-inactivated FBS and
antibiotics at 37°C with 5% CO,. To investigate the effect of anti-TLR4 Ab
and anti-MD2 Ab on sTLT-1-induced activation, THP-1-XBlue-MD2-CD14
cells were pretreated with anti-MD2 Ab, anti-TLR4 Ab, or IgG control for
15 min at 37°C with 5% CO,. After Ab treatment, the cells were treated
with rsTLT-1 (10 pg/ml) and incubated for 18 h. Cell culture supernatants
were collected for subsequent assessment of cytokine secretion. To assess
NF-kB activation, the supernatant of the culture medium was collected, and
QUANTI-Blue reagent (InvivoGen) was used according to the manufacturer’s
instructions. TNF-a was quantified in the culture supernatant by using DuoSet
TNF-a ELISA Kkits.

Stable transfection of human TLT-1 and murine TLT-1 into HEK293
cells

Stable transfection of human TLT-1 (hTLT-1) and murine TLT-1 (mTLT-1)
in HEK293 cells (Bioresource Collection and Research Center, Hsinchu,
Taiwan) was performed using jetPRIME (PolyPlus, New York, NY)
transfection protocols. Briefly, HEK293 cells were cultured in DMEM
supplemented with 10% heat-inactivated FBS and 50 IU/ml penicillin
and streptomycin at 37°C. The cells were seeded at 4 x 10° cells/well
on a six-well plate. The next day, a mixture of jetPRIME reagent and
3 pg of pcDNA 3.1/hTLT-1 or mTLT-1 expression plasmid carrying a
neomycin-resistance gene was added to the cells, and the cells were cul-
tured for 24 h. The selection antibiotic G418 (InvivoGen) was added at
a concentration of 500 pg/ml, and the culture medium containing the
antibiotic was changed every 2-3 d. After 3 wk, the hTLT-1- or
mTLT-1- expressing cells were collected using a cell sorter (SH800Z,
Sony Biotechnology) to detect cells with high expression and seeded as
single cells in each well of a 24-well plate. Cells were maintained in
DMEM with 10% heat-inactivated FBS, 50 TU/ml penicillin and strepto-
mycin, and 500 pg/ml G418 at 37°C. hTLT-1 or mTLT-1 expression
was analyzed by flow cytometry.

Generation of anti—-TLT-1 mAb

Mouse anti—-TLT-1 mAbs were generated according to standard protocols
as described previously (23). Clone 26A6 was selected in this study due
to direct binding to HEK293 cells expressing human or mouse TLT-1
(see Fig. 8A).

The mouse model of endotoxemia

BALB/c mice were purchased from the National Laboratory Animal Center
(Taipei, Taiwan) and maintained in the MacKay Memorial Hospital Animal
Facility. To determine the protective role of anti-TLT-1 Ab in the endotoxin
shock model, female BALB/c mice were i.p. injected with an anti—-TLT-1
Ab (5 mg/kg, 26A6) or vehicle (saline) 1 h before or 2 h after LPS injection
(5 mg/kg). Peripheral blood plasma was collected from the tail vein, and
TNF-a production was measured with a mouse TNF-a ELISA kit (R&D
Systems). In survival experiments, BALB/c mice were ip. injected with
lethal LPS (15 mg/kg). One hour before or 2 h after the LPS challenge, mice
were injected ip. with an anti-TLT-1 Ab (20 mg/kg, 26A6) or vehicle
(saline) and monitored every 8—12 h.

Statistical analysis

Data were analyzed using Prism 9.0 (GraphPad Software, San Diego, CA)
and expressed as the mean + SEM. Comparisons between groups were per-
formed using a Student ¢ test. Correlations were assessed using Pearson’s
correlation coefficient. A p value <0.05 was considered significant.

Results

Expression of the immunosuppressive phenotypes by HLA-DR and
PD-L1 in patients with septic shock are correlated with the increase
in plasma concentrations of sSTLT-1

This study measured the plasma concentration of sSTLT-1 and sur-
face expression of HLA-DR and PD-L1 in 21 patients with septic
shock and 20 age-matched healthy subjects. The clinical characteris-
tics of the studied subjects are summarized in Table I. The expres-
sion of HLA-DR and PD-L1 on monocytes was analyzed by flow
cytometry within 6 h following subject recruitment. The representa-
tive gating strategy is shown in Fig. 1A. The plasma concentration
of sTLT-1 was measured in each sample using an ELISA kit. Our
data showed that the plasma concentrations of sTLT-1 were not
detectable in any healthy subjects (median, 0 pg/ml; interquartile
range [IQR], 0-0 pg/ml). In contrast, considerably higher plasma
STLT-1 levels were measured in patients with septic shock (median,
1127 pg/ml; IQR, 711-1586 pg/ml, p < 0.0001). The expression of
HLA-DR on monocytes was significantly lower in patients with sep-
tic shock than in healthy subjects (septic shock: median, 13.19;
IQR, 4.72-33.25 versus healthy subjects: median, 174.8; IQR,
119.4-213.5, p < 0.0001). The expression of PD-L1 on monocytes
was significantly higher in patients with septic shock (septic shock:
median, 5.54; IQR, 4.65-7.96 versus healthy subjects: median, 3.86;
IQR, 3.16-4.63, p = 0.0002) (Table II). With speculation that the
presence of plasma sTLT-1 may modulate the expression of HLA-
DR and PD-L1 on monocytes, the correlation between plasma levels
of sTLT-1 with HLA-DR and PD-L1 expression on monocytes was
further analyzed. Fig. 1B shows that HLA-DR expression on
monocytes was negatively correlated with plasma levels of sTLT-1
(r = —0.6492, p < 0.01). In contrast, the expression of PD-L1 on
monocytes was positively correlated with the plasma levels of
STLT-1 (r = 0.4634, p < 0.01). These results suggest that the high
levels of plasma sTLT-1 observed in patients with septic shock may
be an indicator of sepsis-associated immunosuppression.

STLT-1 induces initial immune activation followed by
immunosuppressive phenotype in human monocytes

We then conducted in vitro studies to investigate whether human
monocytes from healthy subjects can be induced by sTLT-1 to
change immunophenotypes. We incubated freshly isolated human
monocytes with rsSTLT-1 and examined the expression of HLA-DR
and PD-L1 for 3 consecutive days. Parallel groups of human mono-
cytes were compared, with incubation with LPS as a positive control.
The representative gating strategy is shown in Fig. 2A. As shown in
Fig. 2B (left), HLA-DR expression was significantly upregulated by
rsTLT-1 within the first 24 h, followed by a rapid downregulation.
PD-L1 expression also increased dramatically within 24 h but remained
upregulated throughout the following 3-d experiment (Fig. 2B, right).
These data suggest that sSTLT-1 alone could induce a biphasic change
of immunophenotypes in human monocytes.

To further examine the long-term effects of STLT-1 on mono-
cytes, we next examined whether rsTLT-1 pretreatment would affect
LPS-induced cytokine secretion in human monocytes. First, mono-
cytes were pretreated with rsTLT-1 or LPS. After 48 h, the cells

Table II. Immunological markers of patients with septic shock and of healthy subjects
Healthy Subjects Patients
(n = 20) (n =21) P
Plasma sTLT-1, median (IQR), pg/ml 0 (0-0) 1127 (711-1586) <0.0001
HLA-DR, median (IQR), MFI 174.8 (119.4-213.5) 13.19 (4.72-33.25) <0.0001
PD-L1, median (IQR), MFI 3.86 (3.16-4.63) 5.54 (4.65-7.96) 0.0002

Blood samples were collected within 6 h of admission. IQR, interquartile range; MFI, geometric mean fluorescence intensity.
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were analyzed using flow cytometry. (A) Representative gating strategy was used to gate monocytes from live cells. Purified monocytes were gated out of all
events, followed by subsequent FVS780™ gating. Monocytes were identified as CD14" cells. A representative histogram of HLA-DR and PD-L1 expression
on monocytes in various priming days is shown (heavy-line histogram, rsTLT-1—treated cells; dashed-line histogram, control cells; gray-line histogram, LPS-
treated cells; gray dashed-line histogram, control cells stained with relative isotype control). Numbers represent MFI. (B) Expression patterns of rsTLT-1—primed
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were washed with PBS and restimulated with high amounts of LPS
for an additional 18 h. As shown in Supplemental Fig. 1, TNF-a
production upon LPS restimulation was significantly reduced in
monocytes pretreated with rsTLT-1. Collectively, the results showed
that rsTLT-1-exposed monocytes could enter a refractory state
resembling hypoinflammation.

STLT-1—-induced activation in monocytes is similar to that by LPS

Because the pattern of sTLT-1-induced biphasic change of pheno-
types in monocytes was similar to that induced by LPS, we next
investigated whether sTLT-1 similarly affects monocyte function.
Therefore, we first examined the effects of STLT-1 on the phospho-
rylation events in the LPS-related signaling pathways in monocytes.
As shown in Fig. 3a, both LPS and rsTLT-1 induced a rapid

A
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increase of IRF3 and p38 phosphorylation events within 120 min.
Because the basal phosphorylation levels of IKKa and NF-kB were
at 0 min, classically phosphorylated IKKa and NF-kB only showed
a slight increase after incubation with LPS or rsTLT-1. However,
NF-kB activity can be readily detected in the THP-1-XBlue-MD2-
CD14 cells, a monocytic THP-1 cell line expressing NF-kB— and
AP-1-inducible secreted embryonic alkaline phosphatase (SEAP)
reporter gene, following incubation with LPS or rsTLT-1 (see Fig. 6).

We next analyzed the effect of STLT-1 on the expression profiles
of the proinflammatory cytokines IL-6 and TNF-«, as well as the
anti-inflammatory cytokine IL-10. Incubation with rsTLT-1 induced
rapid but transient expression of IL-6 and TNF-o mRNA. IL-6
mRNA expression peaked at ~4 h after the incubation of monocytes
with rsTLT-1 (Fig. 3B, left). The maximal expression of TNF-a
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FIGURE 3.

rsTLT-1 induces phosphorylation of events in the LPS-related signaling pathway and cytokine expression in monocytes. (A) Monocytes were

stimulated with rsTLT-1 (10 pg/ml) or LPS (100 ng/ml) for the indicated times. The resulting cell lysates were resolved using SDS-PAGE and analyzed
using Western blotting with specific Abs. B-Actin was used as a loading control. A representative result is shown. This experiment was conducted three times
and results are presented as the mean + SEM. *p < 0.05, **p < 0.01, versus 0 min control. (B) IL-6, IL-10, and TNF-ao mRNA were analyzed using real-
time RT-PCR. Binding of rsTLT-1 induced rapid but transient mRNA expression of the inflammatory cytokines IL-6 and TNF-a. Data are the sum of three
independent experiments and are presented as the mean = SEM. (C) Monocytes (2 X 10 cells) were stimulated with rsTLT-1 (10 g/ml) or LPS (100 ng/ml)
for the indicated times. IL-6, IL-10, and TNF-a were quantified using ELISA. Data are the sum of four independent experiments and are presented as the

mean = SEM. *p < 0.05, **p < 0.01, versus LPS-treated group.
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mRNA was detected in monocytes after 1 h of incubation with profound cytokine secretion 18 h after stimulation (Fig. 3C). rsTLT-
rsTLT-1 (Fig. 3B, right). IL-6 and TNF-a mRNA expression subse- 1 also induced a higher quantity of IL-10 release 24 h after stimula-
quently decreased, returning to baseline levels ~18 h after incuba- tion than did LPS treatment. These results suggest that STLT-1 may

tion with rsSTLT-1. In contrast, a slower but continual induction of serve as an early mediator of inflammation.
IL-10 mRNA in monocytes was observed following incubation with To avoid possible LPS contamination, the rsTLT-1 used in this
rsTLT-1 (Fig. 3B, middle). study was verified to contain <0.1 endotoxin unit/pg endotoxin (data

To further assess the effect of STLT-1 on the production of these not shown). In addition, the LPS inhibitor polymyxin B did not sig-
cytokines by human monocytes, the concentrations of IL-6, TNF-a, nificantly reduce rsTLT-1-induced cytokine secretion (Supplemental
and IL-10 were measured by specific ELISA kits. For comparison, Fig. 2). Therefore, the possibility that LPS contamination contributed
the same study was also conducted in human monocytes treated to TLT-1-induced immune function can be ruled out.
with LPS. As shown in Fig. 3C, rsTLT-1 could rapidly stimulate
human monocytes to produce a large quantity of the proinflamma-
tory cytokines IL-6 and TNF-a and the anti-inflammatory mediator
IL-10. Interestingly, rsTLT-1 triggered a quick and robust induction To further study how sTLT-1 modulates monocyte function, we
of expression of the proinflammatory cytokines IL-6 and TNF-a 6 h incubated human leukocytes with increasing concentrations of
after stimulation compared with LPS treatment, which induced rsTLT-1 to assess whether 1sSTLT-1 could bind to the cell surface by

STLT-1 interacts with monocytes by binding to the cell surface
receptors
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FIGURE 4. Interaction between rsTLT-1 and leukocytes. WBCs were incubated with rsTLT-1 for 1 h. Anti-TLT-1 Ab was added to detect the surface
binding of TLT-1. (A) Representative gating strategy was used to gate granulocytes, monocytes, and lymphocytes from live cells. Live granulocytes, mono-
cytes, and lymphocytes were gated out of all events based on their FSC/SSC properties, followed by subsequent FVS780~ gating. Granulocytes were identi-
fied as CD14"CD66b™2" cells, monocytes were identified as CD14"2" and lymphocytes were then identified as CD14-CD66b™ cells. The anti—TLT-1 Ab
was added to detect the surface binding of rsTLT-1. Representative TLT-1 binding histogram of various leukocytes in the presence or absence of
rsTLT-1 treatment (heavy-line histogram, rsTLT-1 treated cells; gray-line histogram, untreated cells; thin dashed-line histogram, cell pools with/without
rsTLT-1 treatment stained with isotype control). TLT-1 predominantly bound to granulocytes and monocytes but was less bound to lymphocytes. (B) Binding of
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manner. Data are the sum of four independent healthy subjects and are presented as the mean + SEM.
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using flow cytometry. The representative gating strategy is shown in
Fig. 4A. rsTLT-1 was found to be associated with granulocytes and
monocytes but not with lymphocytes (Fig. 4A). Dose-dependent
binding of rsTLT-1 to granulocytes and monocytes was observed
(Fig. 4B). TLT-1 binding affinity (ECsp) is 1.26 pg/ml in granulo-
cytes and 2.18 wg/ml in monocytes, respectively. The binding of
rsTLT-1 to granulocytes and monocytes was further studied by incu-
bating human leukocytes with CF647-labeled rsTLT-1. The data fur-
ther confirmed the association of CF647-labeled rsTLT-1 with
granulocytes and monocytes (Supplemental Fig. 3). These results
showed that sTLT-1 directly binds to undetermined surface recep-
tors of granulocytes and monocytes, suggesting that intracellular sig-
naling pathways are likely to exist, allowing sTLT-1 to modulate
the functions of these cells.

The TLR4/MD2 complex is the receptor for sTLT-1

Because the profiles of the functional and signal responses of mono-
cytes to STLT-1 are notably similar to those induced by LPS, the
interaction of rsTLT-1 with monocytes through TLR4 was specu-
lated. We then performed docking analysis of sTLT-1 with TLR4
and MD2 proteins with the ZDOCK modeling program. Fig. SA-C
and Supplemental Video 1 illustrate the interaction mode of TLR4/
MD2 and STLT-1. The docking interactions suggested that the

A B

TLT-1 Stalk

SsTLT-1 CONTRIBUTES TO SEPSIS-ASSOCIATED IMMUNE DYSREGULATION

TLR4/MD2 complex binds to the extracellular domain of TLT-1
(Fig. 5A). Our modeling analysis suggests that TLR4 predominantly
interacts with the IgV domain of TLT-1 (Fig. 5B). Regions of
TLR4 (GI?*~Tyr®2, Ser’!' 1162, Gly*!!-Cys*®, Leu**$_Thr*®,
Val’ - Arg®®, GIn***-Asp**®, and Asn**-Tyr*") formed a strong
binding network with TLT-1 (Gln'®~Val®, Leu®-Val®, val®-
Arg”, Leu”~GIn®, and Cys'®-Arg'"). In addition, parts of MD2
(Lys®'-Asp'®" and GIn”>-~Tyr’®) interacted with the other IgV
domain of TLT-1 (Ser*'=Ser*? and Leu”*~Glu'®"). The other parts
of MD2 (Ala*"-Met'*® and Cys*’-Met*) strongly bind to the
N-terminal region of the stalk in TLT-1 from Arg''” to Glu'*° (Fig.
5C). A solid-phase binding study confirmed that rsTLT-1 binds both
MD2 and TLR4 in a concentration-dependent manner (Fig. 5D).

To examine whether sTLT-1 activates monocytes through the
TLR4/MD?2 pathway, we used THP-1-XBlue-MD2-CD14 cells as a
reporter cell line. Although Western blot only showed that phos-
phorylated NF-«kB slightly increased 5 min after incubation with
1sTLT-1 in monocytes (Fig. 3A), NF-kB activity can be readily
detected in the THP-1-XBlue-MD2-CD14 cells 18 h after incubation
with LPS or rsTLT-1 (Fig. 6). Treatment with anti-TLR4 or anti-
MD2 blocking Abs significantly reduced the levels of NF-«kB activ-
ity and TNF-a secretion. Taken together, these results suggested
that STLT-1 activated monocytes via TLR4/MD?2 signaling.

TLR4(Leu348 — Thr359)
TLR4(Gly331 - Cys340)
TLR4(Ser311 - 11e320)

/Q

MD2(Lys91 = Asp101) \| TLT-1(Ser21 - Ser32)
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FIGURE 5.
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sTLT-1 binds to MD2 and TLR4. (A) Highest docking result of TLT-1 with the TLR4 and MD2 proteins. (B) Computer modeling analysis for

the binding interaction of TLR4 and TLT-1. In TLR4, the interacting regions are shown in yellow, magenta, orange, blue, olive, brown, purple, and gray.
The binding parts of TLT-1 are sky blue in color and spherical. (C) Computer modeling analysis for the binding interaction of MD2 and TLT-1. The binding
regions of MD2 are shown in green, orange, magenta, and yellow. The binding parts of TLT-1 are sky blue in color and spherical. (D) Microtiter plates were
coated separately with recombinant 5 wg/ml TLR4, MD2, or BSA (negative control). The plates were incubated with different concentrations of rsTLT-1
and secondary Ab-HRP for 2 h and 30 min, respectively. rsTLT-1 was able to bind TLR4 and MD2 in a dose-dependent manner. The results represent the

means = SEM of triplicate experiments.
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FIGURE 6. Anti-TLR4 and MD2 Ab treatment reduces sTLT-1-induced
activation in THP-1-XBlue-MD2-CD14 cells. THP-1-XBlue-MD2-CD14
cells were pretreated with anti-TLR4 Ab (10 wg/ml), anti-MD2 Ab (1 pg/ml),
mouse IgG2a isotype control (10 pg/ml, MOPC173), or mouse IgG2b isotype
control (1 pwg/ml, MPC-11) for 15 min. The cells were then treated with LPS
(100 ng/ml) or rsTLT-1 (10 pg/ml) and incubated for 18 h. NF-kB activity
and TNF-a secretion were measured with QUANTI-Blue (up) and ELISA
(down). The results represent the means £ SEM of triplicate experiments.
*p < 0.05. **p < 0.01, ***p < 0.001.

Anti—TLT-1 Ab (clone 2646) reduced TNF-«a release and mortality
in an animal model of sepsis

It has been reported that STLT-1 can be detected in the blood of ani-
mals treated with bacterial LPS (17). It appeared that sSTLT-1 may
not only be an early biomarker of sepsis but also contributes to
immune dysfunction other than endotoxin-associated pathophysiol-
ogy. To examine this hypothesis, we generated an anti-TLT-1 Ab
(clone 26A6) capable of binding to both hTLT-1 and mTLT-1 (see
Fig. 8A). Our results showed that 26A6 could reduce approximately
one-third of rsTLT-1 binding to granulocytes and monocytes
(Fig. 7A). As shown in Fig. 7B, monocytes treated with 26A6
also reduced sTLT-1-induced IL-6, IL-10, and TNF-«a release.
We next assessed whether blocking sTLT-1 altered LPS-induced
TNF-a secretion in the murine sepsis model. The results showed
that both pretreatment and posttreatment with the 26A6 significantly
reduced the LPS-induced secretion of TNF-a in the plasma (Fig. 8B).

To assess whether the 26A6 could also provide a survival benefit
to the sepsis animal model, we tested the 26A6 in BALB/c mice
receiving lethal i.p. doses of LPS. Fig. 8C shows a favorable trend of
survival benefit in the 26A6-pretreated group, but this effect became
less favorable in mice posttreated with 26A6. The survival rate for the
first 48 h in vehicle-treated, 26A6-posttreated, and 26A6-pretreated
groups were 70, 80, and 90%, respectively. The survival rate for 72 h
in vehicle-treated, 26 A6-posttreated, and 26A6-pretreated groups were
30, 50, and 60%, respectively. Only 30% of vehicle-treated mice
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survived at the end of the study, but 60% of 26A6-pretreated
and 40% of 26A6-posttreated mice can survive beyond 120 h.
No late deaths were observed after 120 h for the surviving
mice. Although both 26A6 pretreatment and posttreatment sig-
nificantly reduced plasma TNF-a concentration in the mice with
LPS inoculation (Fig. 8B), organ damage could have been
established 2 h after the lethal LPS challenge. In addition,
because the 26 A6 Ab does not fully compete sTLT-1 binding to
myeloid cells (Fig. 7A), this 26A6 might not be the most suit-
able Ab for blocking TLT-1-induced function. Therefore, post-
treatment with 26A6 may be less effective in improving overall
survival. Taken together, these results suggest that the elevation of
circulating sTLT-1 levels by LPS may augment the detrimental
effects during sepsis. The anti—-TLT-1 Ab treatment could poten-
tially provide a novel therapeutic method for treating sepsis.

Discussion

Gram-negative bacterial infections are typically observed in patients
with sepsis. Human endotoxemia induced by LPS causes hyperinflam-
matory and hypoinflammatory responses both in vitro and in vivo. In
addition, endotoxin is commonly used as a standard model to study
sepsis-induced immunosuppression (24-28). Although the presence of
endotoxin tolerance is critical for the pathophysiology underlying
sepsis-induced immunoparalysis, LPS may not be the only factor
that can cause this phenomenon. A variety of other endogenous
damage-associated molecular patterns or alarmins, such as HMGB1
or S100A12 expressed during sepsis or sterile inflammation, can
activate pattern recognition receptors to initiate immune activation
and sustained dysfunction and, therefore, may be considered poten-
tial triggers of immunosuppression (29-35). Our results suggest that
platelet-derived sTLT-1 is an essential factor that contributes to
immune dysregulation in sepsis. The in vitro data showed that
recombinant soluble TLT-1 was able to induce phenotypes with
immune activation followed with subsequent immunosuppression in
human monocytes (Fig. 2). The immune analysis from clinical sam-
ples was also in accord with the in vitro data showing that the
plasma concentrations of sTLT-1 were correlated with the bench-
marks of immunosuppressive phenotypes, that is, reduced HLA-DR
levels with increased PD-L1 expression in monocytes from patients
with septic shock (Fig. 1). These data indicate that sTLT-1 may
play a distinctive role by interacting with monocytes to modulate
the immune response during the development and progression of
sepsis. Monocytes are a type of APCs that initiate a T cell response
through MHC class II molecules such as HLA-DR and other costi-
mulatory molecules such as CD86 on their cell surfaces. The produc-
tion of proinflammatory cytokines, the secondary signals, is required
to further amplify T cell responses. However, in the late phase of sep-
sis, continuous downregulation of the proinflammatory response ren-
ders the patient’s immune system incapable of fighting secondary
infections. Our current study provides evidence that sTLT-1 can
induce an extended period of immune tolerance in terms of TNF-a
production to a subsequent LPS challenge (Supplemental Fig. 1).
Therefore, our data demonstrate, to our knowledge, for the first time,
that the production of cytokines by monocytes in response to patho-
gens could be inhibited in the presence of sTLT-1. Consequently,
monocytes with immunosuppressive changes from patients with sep-
tic shock could not support T cell activation not only because of
reduced immune synaptic function but also because of suppression of
secondary signals by cytokines. Monocytes with impaired major
functions have also been reported as a determining factor for subse-
quent secondary infections and mortality in patients with sepsis (36).
Our findings suggest that the presence of sSTLT-1 may activate and
subsequently drive monocytes toward an impaired functional status,
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FIGURE 7. Anti-TLT-1 Ab (26A6) treatment can block rsTLT-1 binding to myeloid immune cells and reduce rsTLT-1—-induced monocytic activation.
(A) WBCs were pretreated with anti-TLT-1 Ab (10 pg/ml, 26A6) or mouse 1gG1 isotype control (10 wg/ml, MOPC21) and then incubated with rsTLT-1
(10 pg/ml) for 1 h. The anti-His tag Ab was added to detect the surface binding of rsTLT-1, which was analyzed by flow cytometry. A representative gating
strategy was used to gate granulocytes, monocytes, and lymphocytes from live cells. Live granulocytes, monocytes, and lymphocytes were gated out of all

events based on their FSC/SSC properties, followed by subsequent FVS780~

gating. Granulocytes were identified as CD14 " CD66b™E" cells, monocytes

were identified as CD14"€" and lymphocytes were then identified as CD14~CD66b™ cells. Representative TLT-1 binding histogram of various leukocytes in
the presence or absence of anti—-TLT-1 Ab (26A6) treatment. Data are the sum of four independent samples from healthy subjects and are presented as the
mean + SEM. *p < 0.05. (B) Monocytes were pretreated with anti-TLT-1 Ab (10 pg/ml, 26A6) or mouse 1gG1 isotype control (10 pg/ml, MOPC21) and
then incubated with rsTLT-1 (10 pg/ml) for 18 h. The supernatant of the culture medium was collected, and IL-6, IL-10, and TNF-a secretion was measured
by cytokine ELISA. Data are the sum of three independent samples from healthy subjects and are presented as the mean + SEM. *p < 0.05.

in addition to infection assaults, through the downregulation of
HLA-DR expression, upregulation of PD-L1 expression, and a
decrease in proinflammatory cytokine production. Thus, sTLT-1
affects the normal crosstalk between innate and adaptive immunity,
leading to a failure to establish optimal pathogen-specific immunity.

STLT-1 was found to be able to bind human monocytes (Fig. 4)
and induce the activation of LPS-related signaling pathways with
increased secretion of TNF-a, IL-6, and IL-10 (Fig. 3). Based on
these data, we predicted that there could be receptors on monocytes
for sTLT-1 that are functionally similar to those involved in TLR
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FIGURE 8. Effects of i.p. administered anti-TLT-1 Ab (26A6) on TNF-a production in a mouse model of endotoxemia and protection against LPS lethal-
ity in mice. (A) Anti-TLT-1 Ab (26A6) binds to human HEK293/hTLT-1 and HEK293/mTLT-1 cells. Flow cytometry analysis of anti-TLT-1 Ab binding
to human TLT-1-expressing cells (left) and mouse TLT-1—expressing cells (right). The cells were incubated with 10 pg/ml anti-TLT-1 Ab (26A6) or
10 pg/ml mouse IgG1 isotype control (MOPC21) for 30 min at 37°C and 5% CO,. Incubation with the secondary Ab (allophycocyanin anti-mouse
IgG) was carried out for 30 min at 4°C. Heavy-line histogram, anti-TLT-1 Ab-treated cells; dashed-line histogram, IgG control-treated cells. (B) BALB/c mice
(n = 5/group) were i.p. injected with an anti-TLT-1 Ab (5 mg/kg, 26A6) or vehicle (saline) 1 h before or 2 h after LPS injection (5 mg/kg). Production of
TNF-a in peripheral blood plasma at 4 h after injection of LPS. *p < 0.05, ***p < 0.001. (C) In survival experiments, BALB/c mice (» = 10/group) were i.p.
injected with a lethal dose of LPS (15 mg/kg) 1 h before or 2 h after LPS injection, mice were injected i.p. with an anti-TLT-1 Ab (20 mg/kg, 26A6). For the
vehicle control group, mice were injected i.p. with saline 1 h before LPS injection. Survival was monitored every 8—12 h.

ligand—induced activation. Our docking simulation indeed indicated
that the extracellular domain of TLT-1 binds the TLR4/MD2 com-
plex (Fig. 5A). The IgV domain of TLT-1 is the main domain
responsible for TLR4 and MD2 binding (Fig. 5B). In addition, the
stalk region of TLT-1 is predicted to participate in MD2 interaction
(Fig. 5C). The interaction of different parts of sTLT-1 with the
TLR4/MD2 complex was later confirmed by using a solid-phase
binding study showing that rsTLT-1 binds both MD2 and TLR4 in
a concentration-dependent manner (Fig. 5D). In addition, functional
blocking Abs against TLR4 and MD2 reduced sTLT-1-induced sig-
naling and cytokine production (Fig. 6). Blocking sTLT-1 and
monocyte interactions with an anti—-TLT-1 Ab significantly reduced
STLT-1-induced cytokine production (Fig. 7). Taken together, our
results clearly demonstrate that STLT-1 interacts with the TLR4/
MD2 complex, leading to the production of proinflammatory cyto-
kines through TLR signaling pathways. However, the anti-TLT-1
Ab did not completely prevent the binding of TLT-1 to monocytes
(Fig. 7); therefore, it cannot be ruled out that other receptors may
exist. In fact, our preliminary results showed that sTLT-1 also
enhanced NF-kB activity in the HEK-Blue hTLR2 cell line, suggest-
ing that TLR2 may be another receptor of sTLT-1 (Supplemental
Fig. 4). Other studies have suggested that STLT-1 may interact with
FcyR1 (37), soluble TREM-1 ligand (18), and CD3e (38), although
more studies are required to establish such relationships. There are
some possible mechanisms that may explain how activating the
TLR4/MD2 pathway by sTLT-1 induces immunosuppression. Our
data show that sTLT-1 can induce sustained IL-10 expression and
secretion from monocytes. IL-10 has been reported to diminish
HLA-DR expression on monocytes in septic shock (39). Another

possibility involves the induction of STAT3 through TLR4 signaling.
STATS3 is a negative regulator of cytokine production (40, 41) and
mediates MHC class II and PD-L1 expression in APCs (42, 43). It is
also likely that sTLT-1 activates integrin CD11b/CD18 via TLR4-
associated inside-out signaling and that high-avidity ligand binding of
CDI11Db leads to subsequent inhibition of TLR signaling (44). There-
fore, although sTLT-1, similar to LPS, binds to TLR4/MD?2, several
possible subsequent negative feedback pathways decrease the
immune response. Recent reports support our finding that
SsTLT-1-induced immunosuppression could be a common path-
way that is seen not only in sepsis (38, 45). Nevertheless, the
detailed molecular mechanisms responsible for dysregulation of
the TLT-1-induced immune response and clinical implications
are still under investigation.

Sepsis is defined as “life-threatening organ dysfunction caused by
a dysregulated host response to infection” (19). Among these abnor-
mal host responses, immune dysregulation and excessive coagulop-
athy mediated by platelets have often been regarded as druggable
targets. However, treatments with immune and coagulation modula-
tors showed little or no benefits in patients with sepsis (46—48). In
this study, we show that sTLT-1 secreted by activated platelets indu-
ces immune dysregulation in sepsis and provides evidence that a
blocking TLT-1 Ab can reduce TNF-a secretion and prolong sur-
vival time in animals with sepsis (Fig. 8). Another study also
showed that blocking TLT-1 with a single-chain variable fragment
Ab inhibits thrombin-induced platelet aggregation (49). These stud-
ies provide a feasible strategy for the simultaneous treatment of
immune dysregulation and coagulopathy during sepsis by targeting
STLT-1. In conclusion, we report the mechanisms by which sTLT-1
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mediates the immunophenotype of monocytes, a state frequently
observed in patients during sepsis, trauma, surgery, and cancer. Our
findings provide opportunities to develop further research exploring
possible therapies for the interaction between sTLT-1 and its recep-
tor in reversing sepsis-induced immune dysregulation.
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