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Abstract
Background: Endogenously produced glucocorticoids exhibit immunomodulating properties and are of
pivotal importance for sepsis outcome. Uncontrolled activation of the immune-adrenal crosstalk
increases the risk of sepsis-related death. Triggering receptor expressed on myeloid cells-2 (TREM2) is
richly expressed on macrophages and has been demonstrated to improve outcome of sepsis by
enhancing elimination of pathogens. However, the role and mode of action of macrophage TREM2 on
adrenocortical steroidogenesis remains unclear in septic shock.

Methods: The acute septic shock model was established by intraperitoneally challenging wild-type (WT)
and TREM2 knock-out (Trem2-/-) mice with lipopolysaccharide (30 mg/kg). The mice were assessed for
TREM2 expression and local in�ammation in adrenal gland and synthesis of corticotropin releasing
hormone (CRH) and adrenocorticotropic hormone (ACTH) in vivo. Bone marrow-derived macrophages or
macrophage-derived exosomes were isolated from WT and Trem2-/- mice and co-cultured with
adrenocortical cells. The expression of steroidogenic enzymes and corticosterone production were
assessed.

Results: Genetic de�ciency of TREM2 caused signi�cantly higher corticosterone levels (326.6 ± 73.0
ng/ml in Trem2-/- mice vs. 151.1 ± 58.9 ng/ml in WT mice; p < 0.001) at the early stage of LPS-induced
septic shock. While TREM2 de�ciency neither increased CRH and ACTH, nor exacerbated the
in�ammation in adrenocortical tissue during septic shock. Ex vivo study revealed that Trem2-/-

macrophages signi�cantly promoted the expression of steroidogenic enzymes and increased production
of corticosterone (27.73 ± 1.78 ng/ml in Trem2-/- mice vs. 22.96 ± 1.94 ng/ml in W T mice; p < 0.01).
Furthermore, Trem2-/- macrophage-derived exosomes were able to mimic Trem2-/- macrophages in
enhancing adrenocortical steroidogenesis.

Conclusions: At the early stage of lipopolysaccharide-induced septic shock, macrophage TREM2 inhibited
the steroid synthesis and corticosterone production in adrenocortical cells, which may be partially
associated with macrophage-derived exosomes.

Introduction
Sepsis is a life-threatening disease characterized by a dysregulated host response to infection causing
organ dysfunction [1]. Annual prevalence of sepsis was estimated at 31.5 million and the annual number
of deaths at nearly 11 million worldwide [2]. The high mortality rate of sepsis (15~33.5%) is increased up
to 40~70% when further progressing to septic shock or suffering from multiple organ failure [3-5].

In the development of septic shock, microbes and toxins do not only activate the immune system but also
initiate a stress response including a rapid activation of the hypothalamic-pituitary-adrenal (HPA) axis,
which leads to production of adrenocorticotrophic hormone (ACTH) and amounts of glucocorticoids
(corticosterone in rodents and cortisol in humans) releasing into circulation [6]. Glucocorticoids are
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steroid hormones synthesized in the adrenal gland from cholesterol precursors [7]. The essential role of
endogenous glucocorticoids in regulating homeostatic processes under basal and challenging conditions
and protecting the host from detrimental consequences of an overactivated in�ammatory immune
response including sepsis, has been well established [8]. Genetic defects or surgical interventions in
stress response and adrenal gland contributes to the increased mortality rates when suffered from sepsis
[9, 10], indicating that an intact function of glucocorticoids production in adrenal gland is of pivotal
importance for sepsis surviving.

Among many mechanisms potentially involved, activation of intra-adrenal cellular systems which are
composed of adrenocortical and adrenomedullary cells, resident and recruited immune cells plays an
important role in adrenocortical hormone production during septic shock conditions [11-13]. A balance
among stress systems allows controlling infection while maintaining cardiovascular and metabolic
homeostasis during sepsis, which if not su�ciently counteracted may exacerbate the outcome of
critically ill patients [14]. It has been demonstrated that prolonged activation of the immune-adrenal
crosstalk increases the risk of sepsis-related death [6].

Triggering receptor expressed on myeloid cells-2 (TREM2) is a novel phagocytic receptor of the
immunoglobulin superfamily, mainly expressed by microglia in the central nervous system (CNS) and
macrophages in the peripheral organs and tissues [15]. Studies con�rmed that TREM2 was crucial to
maintain microgliosis in response to pathological processes of Alzheimer's disease (AD) and other
neurodegenerative diseases [16-18]. Recently, some studies also showed that TREM2 played an
important regulatory role in local or systemic in�ammatory disorders [19-21]. Despite the reported
function of TREM2 in pathological conditions in the CNS, whether TREM2 interacts with the
neuroendocrine system and how TREM2 impacts progress of septic shock remains unexplored.

In the present study, we tested the hypothesis that whether TREM2 expressed on macrophage was
involved in the activation of the adrenal glucocorticoid response at the early stage of septic shock and
interacted with adrenocortical cells via macrophage-derived exosomes in an in�ammatory
microenvironment. We used wild-type (WT) and TREM2 knock-out (Trem2-/-) mice to establish a septic
shock model via intraperitoneally administration of lipopolysaccharide (LPS). Invivo TREM2 expression,
synthesis of corticotropin releasing hormone (CRH) and adrenocorticotropic hormone (ACTH) and local
in�ammation in adrenal gland were determined. Furthermore, primary macrophages isolated from WT or
Trem2-/- mice or macrophage-derived exosomes were co-cultured with adrenocortical cells in an
in�ammatory microenvironment to con�rm intercelluar interaction, and process of adrenocortical steroid
synthesis ex vivo was assessed.

Material And Methods
Animals
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WT C57BL/6 mice were obtained from Experimental Animal Center of Zhejiang University (Hangzhou,
China). Trem2-/- mice were kindly provided by Professor Macro Colonna from Washington University in St.
Louis and bred as described [22]. For the study, 6- to 8-week old male mice (weighing 20 to 25 g) were
used. Mice were housed using a 12-hour light-dark cycle (lights on at 7:00 AM) under constant
temperature (21-23°C). All mice were maintained on a standard chow pellet diet and tap water ad libitum.
All experiments using animals were performed under the approval of the Animal Care and Use Committee
of Zhejiang University (Hangzhou, China).

LPS-induced Septic Shock Model

WT and Trem2-/- mice were intraperitoneally injected with LPS (Escherichia coli serotype O111:B4, 30
mg/kg; Sigma-Aldrich, USA) or an equal volume of the sterile saline vehicle to elicit septic shock as
previously described [23]. Blood, hypothalamus and adrenal gland were collected postmortem 0, 3, 9 h
later for analysis. The mice were randomly assigned to experimental conditions. All further experiments
were blinded to murine genotypes and treatments.

Isolation of Bone Marrow-Derived Macrophages (BMDMs)

The murine BMDMs of WT and Trem2-/- mice were isolated from the femur and tibia in single cell
suspension and seeded in 6-well plates (2.5 × 106 cells per well) with Dulbecco’s modi�ed eagle medium
(DMEM; Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Biological Industries, USA), 1%
penicillin/streptomycin and 20 ng/ml mouse granulocyte macrophage-colony stimulating factor
(PeproTech, USA). These cells were differentiated into macrophage for another 6~7 days with
replacement of fresh growth media in every 3 days. Cells were maintained in a humidi�ed incubator
(Thermo Fisher Scienti�c, USA) with 5% CO2 at 37 °C. Then BMDMs were harvest or stimulated for further
experiments.

Primary Adrenocortical Cell Culture

Primary mouse adrenocortical cells were isolated from WT mice as previously reported with some
modi�cations [24, 25]. Brie�y, adrenal glands of WT mice were excised and freed from perirenal fat. The
adrenal was carefully halved and enucleated to eliminate medullas parts. Repeated digestions (thrice to
quartic) were performed for 1 h in buffer containing 0.1% collagenase I (Gibco, USA), 1% hyaluronidase
(Sigma-Aldrich, USA) and 0.1% bovine serum albumin (Sigma-Aldrich, USA) at 37 ºC on an orbital shaker.
The adrenocortical suspension was pressed through a 70 μM cell strainer, centrifuged at 800 g for 5 min
at 4 ºC and the cell pellet was resuspended in DMEM/nutrient mix F-12 (Gibco, USA) supplemented with
10% FBS and 1% penicillin/streptomycin. Suspended cells were placed in culture dishes at 37 ºC for 1 h
to enable selective attachment of �broblasts. Cell viability (> 90%) was assessed by trypan blue exclusion
test. Adrenocortical cells collected from supernatants were counted and seeded in a 24-well culture plate
(Corning, USA) at a density of 1 × 105 cells/ml, the medium being changed every 48 h. Cells were then
cultured in media for 5~6 days for the subsequent treatments.
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Macrophage-Adrenocortical Cell Coculture

Differentiated BMDMs were co-cultured with matured adrenocortical cells using a trans-well plate
(Corning, USA), with BMDMs cultured in the upper chamber (membrane pore = 0.4 μm) and primary
adrenocortical cells in the lower chamber, allowing a contact-independent communication by secreted
components. To evaluate the effect of WT and Trem2-/- BMDMs on adrenocortical cells in an
in�ammatory condition, the experimental system was stimulated with ACTH (100 nM; Bioss, China) and
LPS (100 ng/ml) for 6 h. The culture medium was collected for corticosterone detection and
adrenocortical cells were harvested for RNA extraction after washing with phosphate buffer saline (PBS)
twice.

Puri�cation of Macrophage-derived Exosomes

To harvest exosomes, WT and Trem2-/- BMDMs were changed for fresh media and stimulated with LPS
(100 ng/ml) for 24 h. The cell culture supernatants were centrifuged sequentially at 1,500 g for 15 min
and 16,500 g for 30 min to eliminate the cell debris and large vesicles. The pellet was washed once with
PBS by ultracentrifugation for 2 h at 118,000 g at 4 °C in a swinging bucket rotor (Beckman Coulter, USA).
The exosome-containing pellet was resuspended in 100~200 μl of PBS for further experiments.

Nanoparticle Tracking Analysis

The size distribution of exosomes was measured by nanoparticle tracking analysis technology using
ZetaView PMX 110 (Particle Metrix, Germany) and Software ZetaView 8.04.02 SP2. Samples were diluted
in PBS to obtain an appropriated concentration and subsequently assessed according to the operating
instructions.

Electron Microscopic Examination

Fresh exosomes samples were resuspended with 100 μl PBS and then placed on 200-mesh formvar-
coated copper grids. Samples were stained with 2% aqueous uranyl acetate and air-dried. Transmission
electron microscopy (Thermo Fisher Scienti�c, USA) was performed to view the physical characterization
of exosomes.

Exosome Treatment ex vivo

For ex vivo treatment, WT or Trem2-/- BMDM-derived exosomes (20 μg/ml) were added to 1 × 105 cells/ml
adrenocortical cells. After 6 h, adherent cells and culture medium were collected for corticosterone
production and mRNA expression measurements, respectively.

Measurement of ACTH and Corticosterone Concentrations
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The serum concentrations and cell culture supernatant levels of corticosterone (Cayman, USA) and ACTH
(Mybiosource, USA) were determined using commercial enzyme-linked immunosorbent assay (ELISA) kits
according to the manufacturer’s instructions.

Analysis of Serum Cytokines

The serum cytokines tumor necrosis factor (TNF)-α, interleukin (IL) -6, IL-1β and IL-10 were measured by
corresponding ELISA kits (all from eBioscience, USA) according to the manufacturer’s instructions.

Evaluation of Organ Functions

The serum concentrations of creatinine (CRE), alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and plasma concentrations of lactic acid were determined using commercial
assay kits (NanJing KeyGen Biotech, China).

Immuno�uorescence Analysis

The adrenal gland was �xed in a 4% formaldehyde solution and embedded in OCT Tissue-Tek for 10-μm
frozen sections. Frozen sections were mounted on slides, �xed and permeabilized in PBS-0.3% Triton X-
100. Adrenal glands were incubated with primary antibodies for rat anti-mouse F4/80 (clone Cl:A3-1; 10
μg/ml; AbD Serotec, USA) and goat anti-mouse TREM2 antibody (10 μg/ml; Abcam, USA) overnight at
4°C, followed by incubation of Alexa Fluor 488 conjugated donkey-anti-rat IgG (4 μg/ml; Invitrogen, USA)
for F4/80 and Alexa Fluor 594-conjugated donkey-anti-goat IgG (4 μg/ml; Invitrogen, USA) for TREM2 for
one hour at room temperature. Coverslips were mounted with VECTASHIELD mounting medium with DAPI
(Vector Labs, USA) to detect all cell nuclei. Images were evaluated using a Leica DM5000B microscope
(Leica, Germany) or Olympus confocal laser scanning microscope (Olympus, Japan). At least 3 �elds in a
randomly selected section of each mouse were captured for analysis of F4/80+TREM2+ double-labeled
cells in the adrenal gland.

Quantitative Real-time Polymerase Chain Reaction Analysis (qRT-PCR)

The mRNA was extracted from homogenates of the hypothalamus and adrenal cortex, and cultured cells
using TRIzol reagent (Life Technologies, USA) as instructions described. qRT-PCR was applied to detect
relative expression level of mRNA from tissue samples by using SYBR PCR Master Mix (TaKaRa, Japan)
and standard oligonucleotides. β-actin was used as the endogenous control gene. Primers designed to
quantify speci�c transcripts were listed in Table S1. Ampli�cation data were analyzed using Roche 480
PCR System (Roche, USA). Data analysis was performed using the comparative threshold cycle method
with arithmetic formulae (2-△△Ct), and the mRNA levels were expressed as a fold change compared to the
control group.

Statistical Analysis
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Statistical evaluations were employed by GraphPad Prism 6.00 (GraphPad Software Inc., USA). A two-
tailed paired or unpaired Student’s t test was used to compare difference between two independent
groups. The covariance e�ciency factor was also assessed for each endogenous control (covariate) to
ensure that there were no effects of treatment on the endogenous controls. Survival between two
independent groups was analyzed using a log-rank (Mantel-Cox) test. All data shown in the �gures and
text are represented as mean ± standard error of the mean (SEM). Differences were accepted as
statistically signi�cant if a p value was less than 0.05.

Results
TREM2 De�ciency on Macrophages in Adrenal Cortex Induced Increased Serum Corticosterone
Concentration during LPS-induced Septic Shock.

To investigate the role of TREM2 in the local immune-adrenal crosstalk during septic shock, WT mice
were challenged intraperitoneally with LPS from E. coli. Double immuno�uorescence stained with F4/80
and TREM2 antibodies was used to locate the expression of TREM2 in the adrenal gland. It was found
that TREM2 was co-localized with tissue macrophages which were recognized by F4/80 marker in the
adrenal cortex rather than medulla tissue (�g. 1A). Followed by LPS challenge for 9 h, tissue
macrophages showed a lower level of TREM2 �uorescent intensity (p < 0.05), although the number of
double-positive (F4/80+ and TREM2+) cell in adrenal cortex did not signi�cantly decreased compared that
of control group (�g. 1B). In accordance, mRNA levels of TREM2 were signi�cantly decreased after LPS
administration (p < 0.01) (�g. 1C).

Then, WT and Trem2-/- mice were used to further explore the effect of TREM2 on adrenal glucocorticoid
response during septic shock by intraperitoneally injected with LPS and serum levels of corticosterone
were detected. Following LPS challenge, WT mice exhibited 6-fold (151.1 ± 22.2 ng/mL at 3 h, p < 0.01)
and 8-fold (208.3 ± 8.6 ng/mL at 9 h, p < 0.001) increases in serum corticosterone levels at 3 h and 9 h,
as compared to control group (26.3 ± 1.4 ng/mL at 0 h). The serum corticosterone levels were similar
between 3 h and 9 h groups in WT mice. In contrast to the decreased mRNA levels of TREM2, serum
corticosterone levels in Trem2-/- mice at 3 h and 9 h after LPS administration were signi�cantly higher
than those in corresponding WT mice (3 h: 326.6 ± 23.1 ng/mL in Trem2-/- mice vs. 151.1 ± 22.2 ng/mL in
WT mice, p < 0.001; 9 h: 388.2 ± 15.4 ng/mL in Trem2-/- mice vs. 208.3 ± 8.6 ng/mL in WT mice, p < 0.01).
Interestingly, TREM2-de�cient mice produced more corticosterone at rest (0 h: 53.3 ± 3.7 ng/mL in
Trem2-/- mice vs. 26.3 ± 1.4 ng/mL in WT mice, p < 0.01) (�g. 1D). Taken together, these data suggest that
TREM2 de�ciency elicited activation of adrenal glucocorticoid responses and affected the process of
hormone synthesis or release in the adrenal gland, the major output of which is corticosterone production
in rodents, at the early stage of LPS-induced septic shock.

De�ciency of TREM2 Neither Altered CRH/ACTH Synthesis nor Increased In�ammatory Response in
Adrenocortical Tissue During Septic Shock
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It is generally accepted that adrenocortical hormone production is regulated by hypothalamic CRH
production and pituitary ACTH secretion during course of systemic in�ammatory response syndrome or
sepsis [14]. We next explored whether increased corticosterone levels were associated with increased
CRH/ACTH synthesis following sepsis. Compared to those in control groups (0 hour), serum ACTH levels
did not exhibit signi�cant alteration when encountered with sepsis for 3 hours. ACTH levels were
signi�cantly reduced at 9 h after septic shock in both of the groups (9 h: 7940.0 ± 597.0 pg/mL in WT
mice and 9924.0 ± 759.0 pg/mL in Trem2-/- mice), when compared to those at 3 h after septic shock in
the respective groups (3 h: 15553.0 ± 2605.0 pg/mL in WT mice and 15847.0 ± 1185.0 pg/mL in Trem2-/-

mice, p < 0.05, respectively), but there was no difference between WT and Trem2-/- groups at the early
stage of septic shock (�g. 2A). In the hypothalamus, CRH expression level was higher at 3 h and 9 h after
LPS administration compared with that in control groups, but this result was not statistically signi�cant
between WT and Trem2-/- groups during septic shock (�g. 2B). In all, sharply elevated corticosterone in a
murine model of LPS-induced septic shock is not dependent on hypothalamic CRH production and
pituitary ACTH secretion.

In addition to the elevated CRH and ACTH synthesis during sepsis, a critical involvement of adrenal
in�ammation and local immune-adrenal cross talk was also implicated in sepsis. Recent studies reported
that massive in�ammatory mediators such as cytokines within adrenal glands affected steroidogenic
process [12, 13]. Thus, expression of the in�ammatory cytokines (TNF-α, IL-6, IL-1β and IL-10) in adrenal
cortex tissue after systemic administration of LPS was determined. As expected, stimulation with LPS
promoted an increase in cytokines mRNA expression in adrenal cortex, which peaked at 3 h after septic
shock. However, no difference of those in�ammatory cytokines was observed between WT and Trem2-/-

mice at the observing time points (�g. 3, A-D). Taken together, TREM2 de�ciency-induced steroidogenesis
is not related with intra-adrenal in�ammatory microenvironment during septic shock.

De�ciency of Macrophage TREM2 Increased Steroidogenesis of Adrenocortical Cells

Emerging evidence using genetically manipulated mice suggest that local immune-endocrine crosstalk
plays a substantial role in sustained adrenal glucocorticoid production during sepsis [11-13]. We next
used trans-well coculture system to assess the effect of macrophage on steroidogenesis in primary WT
adrenocortical cells after LPS stimulation simultaneously with ACTH (�g. 4A). We found that Trem2-/-

macrophage induced an augment of corticosterone production (27.73 ± 1.78 ng/ml in Trem2-/-

macrophages vs. 22.96 ± 1.94 ng/ml in WT macrophages; p < 0.01) (�g. 4B) and increased the
expression of key steroidogenic genes (StAR, P450Scc and CYP21) compared with WT macrophages (�g.
4C, D, F). In addition, 3β-HSD mRNA level was comparable between WT and Trem2-/- macrophage groups
(�g. 4E). These results indicate that TREM2-de�cient macrophages induced steroidogenesis in
adrenocortical tissue through local immune-adrenal cross talk.

Exosomes Derived from TREM2-De�cient Macrophages Enhanced Steroidogenesis of Adrenocortical
Cells
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Exosomes (30-150 nm in size) released by almost all types of cells are increasingly recognized as vital
mediators of intercellular communication for critical illness, including acute lung injury and sepsis [26].
Therefore, we tested whether WT and Trem2-/- macrophage-derived exosomes were involved in
communication between macrophages and adrenocortical cells. A schematic illustration of the ex vivo
experiment is shown in �g. 5A. Electron microscopy observed typical and spherical sizes in exosomes
isolated from the culture medium of LPS-activated WT and Trem2-/- macrophages (�g. 5B). Nanoparticle
tracking analysis showed that both WT and Trem2-/- macrophage-derived exosomes had similar size (�g.
5C). Exosomes secreted by Trem2-/- macrophages signi�cantly increased concentrations of
corticosterone in supernatant of adrenocortical cells with ACTH stimulation (162.60 ± 13.19 ng/ml in
Trem2-/- BMDM-derived exosomes vs. 109.30 ± 18.88 ng/ml in WT BMDM-derived exosomes; p < 0.05)
(�g. 5D). In accordance, the mRNA levels of four key steroidogenic genes (StAR, P450Scc, 3β-HSD and
CYP21) were all increased when exposed to Trem2-/- macrophage-secreted exosomes (�g. 5, E-H). As
summarized from the ex vivo results, TREM2 can inhibit process of steroidogenesis in adrenocortical
cells mediated by macrophage-derived exosomes at the early stage of septic shock.

Enhanced Steroidogenesis in Trem2-/- Mice Related to Alleviated Plasma Lactic Acid during LPS-induced
Septic Shock

Studies found that glucocorticoids can modulate innate immunity to promote the resolution of
in�ammation and organs failure, so we evaluated the impact of enhanced steroidogenesis of adrenal
gland on the phenotype of septic shock in TREM2-de�cient mice. Mortality analysis showed that there
was no statistical signi�cance between WT and Trem2-/- mice after LPS-induced septic shock (�g. 6A).
LPS-induced septic shock markedly increased serum levels of proin�ammatory cytokine TNF-α and anti-
in�ammatory cytokine IL-10, but there was no difference between WT and Trem2-/- mice at the observing
time-points (�g. 6B, C). Then we explored organ functions by analyzing serum levels of CRE, AST and
ALT. There was no difference in these variables between WT and Trem2-/- mice at the early stage of septic
shock (�g. 6D-F). The immune-modulating proprieties of glucocorticoids give the biologic plausibility that
corticosteroids may improve tissue perfusion [8, 27]. Thus, we measured plasma lactic acid level. The
data showed similar baseline levels of plasma lactic acid between WT and Trem2-/- mice (2.11 ± 0.41
nmol/ml in Trem2-/- mice vs in 1.73 ± 0.24 nmol/ml in WT mice, respectively). However, plasma lactic
acid levels were signi�cantly reduced in Trem2-/- mice after septic shock (3 h: 3.64 ± 0.22 nmol/ml in
Trem2-/- mice vs. 4.90 ± 0.42 nmol/ml in WT mice, p < 0.05; 9 h: 3.62 ± 0.12 nmol/ml in Trem2-/- mice vs.
5.74 ± 0.48 nmol/ml in WT mice, p < 0.01) (�g. 6G). These results revealed that enhanced synthesis and
release of corticosterone into circulation in TREM2-de�cient mice improved tissue perfusion during acute
endotoxic shock.

Discussion
Adjunctive glucocorticoids have been used to treat patients for more than half a century because of an
increased demand for patients suffered from adrenal insu�ciency [7, 28-31]. Adrenal insu�ciency
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especially occurred in patients whose endogenous adrenal response was inadequate for the degree of
severe stress response during acute conditions including sepsis, septic shock and acute respiratory
distress syndrome [32, 33]. However, the complicated interactions among components of neuroendocrine
network lead to the poor understanding of the pathogenesis underlining adrenal insu�ciency (�g. 7).

TREM2 is extensively studied in central chronic degenerative diseases especially Alzheimer’s disease, and
plays an important regulatory role in local or systemic in�ammatory disorders [19, 21, 34]. Genetic or
functional interventions of TREM2 result in reduced accumulation of surrounding plaques, impaired
microglial phagocytosis as well as marked adjacent neuronal dystrophy [20, 35, 36]. Although TREM2
has been known to be involved in the anti-in�ammatory response and osteoclast development, recent
work demonstrated that overexpression of TREM2 caused the development of obesity coupled with
insulin resistance and hepatic steatosis [37, 38]. Furthermore, TREM2 signaling is newly identi�ed as a
major driver of adipose tissue macrophage responses during obesity and characteristic of detecting
extracellular pathogenic lipids across multiple tissues [17]. TREM2 expressed on macrophage not only
affects in�ammation via toll-like receptor (TLR)-dependent pathway, but also participates in metabolic
processes in different disease microenvironments via mechanisms still unknown [17, 38, 39]. However, it
has not been examined whether TREM2 was involved in neuroendocrine system such as the adrenal
gland during sepsis.

We observed that TREM2 was co-localized with tissue macrophages in the adrenal cortex rather than
medulla tissue, with decreased �uorescent intensity and mRNA expression level in a time-dependent
pattern in an endotoxic model of septic shock. This was consistent with the in vitro study which showed
a rapid decline of TREM-2 protein level upon LPS stimulation in selected macrophage populations [40].
Previous studies has showed that endotoxemic model induces an initial activation of the HPA axis with
signi�cantly higher circulating corticosterone levels when subjected to LPS [41]. In in vivo experiment
employing WT and Trem2-/-mice, we found that TREM2 de�ciency induced dramatically increase of
corticosterone production at the early stage of LPS-induced septic shock. In addition, the mRNA
expression level of TREM2 in adrenal cortex demonstrated an opposite trend against corticosterone levels
among WT mice during septic shock. These data presented that TREM2 played an important role in the
regulation of steroidogenesis in the adrenal gland during septic shock.

Various studies found that the activation of intra-adrenal cellular systems, composed of adrenocortical,
resident and recruited immune-in�ammatory cells, plays a pivotal role in adrenocortical glucocorticoid
response during septic shock conditions [11-13]. However, CRH/ACTH pathway and intra-adrenal
in�ammatory response was found not to be involved in remarkable elevation of corticosterone levels.
Interestingly, LPS-activated Trem2-/-macrophages promoted corticosterone release when co-cultured with
primary adrenocortical cells in a trans-well system. We also showed a robust increase in key
steroidogenic genes in this ex vivo condition. Taken together, these �ndings show that Trem2-/-

macrophages might produce some factors can be transferred into adrenocortical cells.
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Complex cell-cell communication mediated by paracrine molecules is essential to maintain the
physiologic tissue environment necessary to respond to stresses [42]. Exosomes are small extracellular
vesicles transferring molecular components such as proteins, DNA, and microRNAs (miRNAs) [43].
Exosomes represent an emerging carrier in the delivery of endogenous molecules to regulate gene
expression and relevant physiological and pathophysiological processes in recipient cells [26, 42, 44].
Previous studies demonstrated that suppression of adrenocortical steroid synthesis by a macrophage-
derived product might be a new regulatory pathway in host response to LPS [45, 46]. Our data showed
that corticosterone secretion and steroidogenesis process were both signi�cantly increased when
adrenocortical cells were treated with exosomes from LPS-stimulated Trem2-/- macrophage. These results
provide an explanation, at least in part, for increased steroids synthesis and release into circulation in
Trem2-/- mice during septic shock (�g. 7).

Prior studies have con�rmed that TREM2 played a protective role in the host defense response to
polymicrobial sepsis by enhanced clearance of microbes, and activation of TREM2 promoted microglial
switching from the detrimental M1 phenotype to the bene�cial M2 phenotype in a mouse model of
middle cerebral artery occlusion [19, 21]. However, the role of TREM2 when encountered with an acute
in�ammatory challenge is still controversial. Gawishit et al. found TREM2 as a potential target to prevent
TLR-4 mediated overwhelming in�ammation in mice with gram-negative sepsis [40]. Liu et al. showed
that TREM-2 gene silencing signi�cantly aggravated the pathological change and in�ammatory
responses of endotoxin-induced acute lung injury in mice [47]. However, Leyns et al. reported that defect
in TREM2 signaling attenuated neuroin�ammation and protect against pure tau pathology [18].
Therefore, TREM2 could not turn the tide of systemic or overwhelming in�ammatory cascade in LPS-
induced acute sepsis and the role of TREM2 as a phagocytic receptor for bacteria might be more crucial
in innate immune response during bacterial sepsis. Additionally, regarding of the immunomodulatory
effect of glucocorticoids, we found that TREM2 de�ciency with higher levels of corticosterone alleviated
plasma lactic acids, suggesting to some extent, endogenous corticosteroids hastened the resolution of
shock during sepsis.

In current study, we used a high dose of LPS (30 mg/kg) for intraperitoneal injection to induce a septic
shock model. Both WT mice and Trem2-/- mice were died within 36 hours after injection of LPS. The
overwhelming endotoxic response and high lethality may hamper the real function of TREM2 on the
pathophysiology of septic shock. In spite of this, a mechanism to involve Trem2-/- macrophages-derived
exosomes in adrenocortical steroidogenesis during progress of septic shock was strongly suggested.
Future studies to con�rm these �ndings in an appropriate sepsis model are needed and may provide deep
insight onto these preliminary �ndings.

Conclusions
In conclusion, our study reports that TREM2 expressed on macrophage plays a crucial role in regulating
adrenal steroidogenesis by macrophage-derived exosomes at the early stage of LPS-induced septic
shock, which provides a deeper understanding of the biology of TREM2-expressing macrophages and
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may yield novel therapeutic handles to target adjunctive corticosteroid treatment during septic shock in
clinic.
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Figure 1

De�ciency of TREM2 expressed on macrophage signi�cantly increased steroidogenesis in adrenocortical
tissue during septic shock. WT mice were intraperitoneally stimulated with LPS (30 mg/kg) for 0 h, 3 h
and 9 h. (A) Representative images of cellular localization of F4/80 (green) and TREM2 (red), then
counterstained for nuclei with DAPI (blue) in adrenal gland were shown by double immuno�uorescence (n
= 5 at 0 h and 3 h; n = 3 at 9 h). (B) The numbers and �uorescent intensity (FI) of TREM2-expressing
macrophages were evaluated at the indicated times (0 h, 3 h and 9 h). Three �elds per sample were
analyzed (n = 5 at 0 h and 3 h; n = 3 at 9 h). (C) Adrenal gland after LPS-induced septic shock were
collected and RNA was extracted for quantitative real-time polymerase chain reaction (qRT-PCR) analysis.
mRNA expression level of TREM2 was determined (n = 5 per group). (D) WT and Trem2-/- mice were
intraperitoneally treated with LPS (30 mg/kg) and sacri�ced after 0, 3 and 9 h. Serum corticosterone
levels were determined using speci�c ELISA kits (n = 5 per group). Data are expressed as the mean ± SEM
and analyzed by Student’s t test. *p < 0.05, **p < 0.01 and ***p < 0.001 versus respective controls.
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Figure 2

De�ciency of TREM2 did not increase CRH/ACTH synthesis during septic shock. The hypothalamus and
serum were collected (0 h, 3 h and 9 h) for determination of CRH/ACTH synthesis after LPS (30 mg/kg)
injection in WT and Trem2-/- mice (n = 5 per group). (A) Serum ACTH level was determined using ELISA
kits. (B) mRNA expression level of CRH was analyzed by qRT-PCR. Data are expressed as the mean ±
SEM and were analyzed by Student’s t test.
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Figure 3

De�ciency of TREM2 did not increase in�ammation in adrenocortical tissue during septic shock. WT and
Trem2-/- mice were exposed to intraperitoneal LPS (30 mg/kg) for 0 h, 3 h and 9 h. The adrenal cortex
was extracted for mRNA expression measurement (n = 5 per group). Relative mRNA expression levels of
TNF-α (A), IL-6 (B), IL-1β (C) and IL-10 (D) in adrenal cortex were analyzed by qRT-PCR. Values are
expressed as the mean ± SEM and were analyzed by Student’s t test.
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Figure 4

In ex vivo TREM2-de�cient macrophages signi�cantly increase adrenocortical steroidogenesis in primary
adrenocortical cells. WT and Trem2-/- bone marrow derived macrophage (BMDM) on primary
adrenocortical cells were incubated with primary adrenocortical cells for 6 h under the stimulation of LPS
(100 ng/ml) and ACTH (100 nM). (A) Schematic diagram of the Tran-swell coculture system. (B)
Corticosterone level was measured in cell culture supernatant by ELISA kit. Attached adrenocortical cells
on the lower chamber were collected for RNA extraction. Relative mRNA expression levels of StAR (C),
P450Scc (D), 3β-HSD (E) and CYP21 (F) in cultured adrenocortical cells were analyzed by qRT-PCR.
Values are presented as mean ± SEM from four independent experiments and are analyzed by Student’s t
test. *p < 0.05, **p < 0.01 versus WT groups.
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Figure 5

Exosomes derived from TREM2-de�cient macrophage signi�cantly enhanced adrenocortical
steroidogenesis compared with those from WT macrophages. Exosomes were isolated from LPS-
activated WT and Trem2-/- BMDM and were added to the supernatant of cultured adrenocortical cells for
6 h under the stimulation of ACTH (100 nM). (A) Schematic diagram of the exosome treatment ex vivo.
(B) Representative images of morphology of WT and Trem2-/- BMDM-derived exosomes by transmission
electron microscopy. Exosome are highlighted by green arrows. Scale bar = 200 nm. (C) Size distribution
of WT and Trem2-/- BMDM-derived exosomes was measured via nanoparticle tracking analysis. (D)
Corticosterone level was determined in cell culture supernatant using speci�c ELISA kit. Relative mRNA
expression of StAR (E), P450Scc (F), 3β-HSD (G) and CYP21 (H) in cultured adrenocortical cells were
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analyzed by qRT-PCR in adrenocortical cells. Values are presented as mean ± SEM from four independent
experiments and are analyzed by Student’s t test. *p < 0.05, **p < 0.01 versus WT groups.

Figure 6

The impact of increased corticosterone on survival, systemic in�ammation, organ functions and tissue
perfusion. WT and Trem2-/- mice were exposed to intraperitoneal LPS (30 mg/kg) for 0 h, 3 h and 9 h. (A)
Survival rate analysis using a log-rank (Mantel-Cox) test (n = 15 for WT versus n = 12 for Trem2-/- mice).
Serum TNF-α (B), IL-10 (C), CRE (D), AST (E) and ALT (F) were measured by speci�c kits (n = 5 per group).
(G) Plasma lactic acid was detected (n = 4 per group). Values are expressed as the mean ± SEM and were
analyzed by Student’s t test. N.S: no statistical signi�cant, *p < 0.05 versus respective controls.
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Figure 7

Schematic illustration of proposed mechanism of macrophage-derived exosomes on adrenocortical
steroidogenesis during septic shock. At the early stage of LPS-induced septic shock, HPA axis is rapidly
activated which is re�ected by increased corticosterone into circulation. TREM2 is richly expressed on
macrophages and genetic disruption of TREM2 elicits overproduction of corticosterone in adrenal gland,
independent of CRH/ACTH pathway or intra-adrenal in�ammation during sepsis. Cell-cell communication
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between macrophages and adrenocortical cells by transfer information via macrophage-derived
exosomes, at least in part, provide the potential mechanism at the early stage of septic shock.
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