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Introduction
Pattern recognition receptors (PRRs) usually function to modulate 
immune responses and participate in host defense against Myco-
bacterium tuberculosis. Recent evidence has demonstrated that, 
upon infection or inflammation, certain PRRs such as TLRs are 
also expressed on T lymphocytes, providing costimulatory signals 
to induce T cell activation and differentiation (1). Several regu-
lators have been reported to modulate TLR signaling pathways, 
such as triggering receptors expressed on myeloid cells (TREMs). 
TREMs belong to a family of innate receptors that are broadly 
expressed on macrophages, monocytes, and DCs (2, 3). The most 
well-characterized members of the TREM family are TREM-1 
and TREM-2, which signal through the same adaptor molecule, 
DAP12, but have distinct functions in inflammation modulation 
(4–6). In myeloid cells, TREM-1 amplifies TLR signaling and host 
inflammation (4, 7), whereas TREM-2 inhibits the secretion of 
proinflammatory cytokines induced by bacterial or fungal infec-
tion (5, 8). TREM-2 has powerful functions in neurodegenerative 

diseases and plays critical roles in the modulation of inflammation 
as well as myeloid cell activation and survival (9, 10). TREM-2 
deficiency leads to severe disease characterized by bone cysts and 
demyelination of the central nervous system (CNS) (11). Genetic 
variants in TREM-2 increase the risk for Alzheimer’s disease and 
frontotemporal dementia (12–14). Various molecules have been 
reported to bind to TREM-2, including certain cell-surface mol-
ecules (5), bacteria, or heat shock proteins (15), as well as lipids 
exposed during axonal injury (16) and nucleic acid released from 
dying cells (17). Nevertheless, to date, the endogenous ligands of 
TREM-2 are still unclear. Recently, studies reported that apolipo-
protein E (18) and galectin 3 (19) may function as novel TREM-2 
ligands to modulate the development of Alzheimer’s disease.

Although substantial evidence identifies the antiinflammato-
ry property of TREM-2 in innate immune cells (8), in vivo studies 
have shown controversial effects of TREM-2 on the modulation of 
infectious and inflammatory diseases. On the one hand, TREM-2  
fine-tunes inflammatory responses in a murine model of sepsis 
induced by Gram-negative bacteria (20). Mice lacking TREM-2 
exhibit aggravated liver damage and inflammation in a chemical 
reagent–induced liver injury model (6). On the other hand, TREM-2  
deficiency attenuates the inflammatory response and restricts 
organ damage and mortality induced by Burkholderia pseudomal-
lei infection (21). KO of TREM-2 also inhibits neuroinflammation 
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monocytes during M. tuberculosis infection, CD4+ T cells, CD8+ 
T cells, and CD11b+ monocytes were sorted from PBMCs from 
patients with active TB or healthy control donors (HCs) (Supple-
mental Table 1; supplemental material available online with this 
article; https://doi.org/10.1172/JCI137407DS1). mRNA levels of 
TREM-1, TREM-2, and TLT2 were analyzed by quantitative real-
time PCR. In HCs, TREM-1 expression was hardly detected in any 
of the indicated cell types, whereas TREM-2 was constitutively 
expressed in CD11b+ monocytes rather than in CD4+ and CD8+ T 
cells (Figure 1A and Supplemental Figure 1A). In patients with TB, 
we found that TREM-1 was weakly expressed on T cells, whereas 
TREM-2 was highly expressed on T cells and monocytes (Figure 
1A and Supplemental Figure 1A). TLT2 was detected in all the cell 
types (Supplemental Figure 1B), which is consistent with other 
previous studies (24, 25).

Flow cytometry further detected TREM-2 expression on 
the surface of the indicated PBMC subsets from HCs and from 
patients with TB. Although TREM-2+ staining was mainly found in 
monocytes from HCs, TREM-2 expression levels were increased 
in T cells from patients with TB (Figure 1B). Additionally, immu-
nofluorescence microscopy also detected increased TREM-2 
expression in peripheral CD4+ T cells but not CD14+ monocytes 
from patients with TB compared with those from HCs (Figure 1C 
and Supplemental Figure 2). To further explore the clinical rele-
vance of TREM-2 in TB, we assessed TREM-2 expression in CD4+ 
T cells from HCs (n = 81) and from patients with active TB (n = 
116), latent TB (n = 30), cured TB (n = 43), or chronic obstructive 
pulmonary disease (COPD) (n = 22) (Supplemental Table 1). The 
percentage of peripheral TREM-2+CD4+ T cells was increased in 
patients with active TB (26.25% ± 1.16%) or latent TB (15.33% ± 
1.14%), but not in those with cured TB (9.62% ± 0.95%) or COPD 
(8.42% ± 1.13%) when compared with the basal level in HCs 
(6.14% ± 0.43%) (Figure 1, D and E).

To evaluate the dynamics of TREM-2 expression in CD4+ T 
cells during mycobacterial infection, we established a murine mod-
el by i.p. injection of Mycobacterium bovis bacille Calmette-Guérin 
(BCG) or the M. tuberculosis strain H37Rv. First, we analyzed the 
proportion of TREM-2+CD4+ T cells in peripheral blood, draining 
lymph nodes, spleens, and lungs 28 days post infection (p.i.). We 
found that the basal levels of TREM-2+CD4+ T cells in PBS-treated 
mice were very low in all the indicated tissues. Nonetheless, after 
BCG or H37Rv infection, TREM-2+CD4+ T cells percentages were 
increased in all the indicated tissues (Figure 1, F and G). In addi-
tion, we assessed the frequency of splenic TREM-2+CD4+ T cells 
by flow cytometry at different p.i. time points. The percentage of 
TREM-2+CD4+ T cells gradually increased in the early p.i. period, 
peaked on day 28 p.i., and decreased slowly thereafter (Figure 1H). 
Furthermore, TREM-2 expressions in peripheral CD8+ T cells from 
HCs (n = 81) and from patients with active TB (n = 116), latent TB 
(n = 30), cured TB (n = 43), or COPD (n = 22) were determined by 
flow cytometry (Supplemental Table 1). The percentages of TREM-
2+CD8+ T cells in patients with active TB (12.57% ± 0.77%) or 
latent TB (7.14% ± 0.67%) were higher than those in other groups, 
including HCs (3.43% ± 0.29%), patients with cured TB (3.92% ± 
0.34%), and patients with COPD (4.55% ± 0.61%) (Supplemental 
Figure 3A). Taken together, these results indicated a potential role 
of TREM-2 in T cell–mediated immunity against TB.

and protects against neurodegeneration in a mouse model of 
tauopathy (22). These controversial reports highlight the necessi-
ty to fully explore the functions of TREM-2 in distinct diseases and 
other immune cell subsets such as lymphocytes, as opposed to just 
the myeloid lineage.

Our previous study demonstrated that TREM-1 is highly 
expressed on Vδ2 T cells from patients with active pulmonary tuber-
culosis (TB) and promotes the Ag-presenting capability of Vδ2 T 
cells (23). It is reported that the expression of TREM-like transcript 
2 (TLT2) is detected on B lymphoid lineage cells and upregulated in 
response to inflammatory stimuli (24). TLT2 is also constitutively 
expressed on CD8+ T cells and enhances IL-2 and IFN-γ production 
(25). Furthermore, TREM-2 expression in CD4+ and CD8+ T cells 
has been reported in patients with TB (26), however, the function of 
TREM-2 in TB remains unknown. Together, these observations indi-
cate the potential roles of TREM family members in lymphocytes.

CD4+ T cells are crucial for directing appropriate immune 
responses in host defense and inflammatory pathogenesis (27). 
In the inflammatory and infectious milieu, the most abundant 
effector CD4+ Th subset is Th1, which is characterized by the acti-
vation of T-bet and production of Th1 cytokines including IFN-γ, 
TNF, and IL-2 (28). These Th1 cytokines enhance cell-mediated 
immunity to promote the elimination of intracellular pathogens 
(e.g., M. tuberculosis [ref. 29], Mycobacterium leprae [ref. 30], and 
Listeria monocytogenes [ref. 31]). For example, IFN-γ– or TNF- 
deficient mice display exacerbated pulmonary pathology with a 
high acid-fast bacilli burden after M. tuberculosis infection (32, 33), 
indicating the beneficial role of the Th1 response in anti-TB immu-
nity. The Th1 response is not only required in the host defense 
against various bacterial and viral infections, but also evokes 
phagocyte-dependent inflammation (34). The inflammatory 
response is a double-edged sword. Early initiation of host inflam-
mation is beneficial for bacterial clearance, however, if uncon-
trolled, consistent inflammation may result in immunopatholog-
ical damage (35). Therefore, Th1 dominance is often associated 
with autoimmune disorders (e.g., inflammatory bowel diseases, 
type 1 diabetes, multiple sclerosis, rheumatoid arthritis), Alzhei-
mer’s disease, and some recurrent abortions (36–38).

In this study, we investigated the role of TREMs on T cell 
responses during M. tuberculosis infection. TREM-2 expression 
was upregulated in CD4+ T cells from patients with TB and M. 
tuberculosis–infected mice and closely related to T cell activation 
and an effector memory phenotype. In vitro studies indicated 
that TREM-2 interacted with the CD3ζ-ZAP70 complex via its 
transmembrane domain (especially the K173 site), rather than 
with the adaptor molecule DAP12 in myeloid cells, and there-
fore promoted STAT1/-4 activation and proinflammatory Th1 
differentiation. Furthermore, in vivo studies demonstrated that 
TREM-2 enhanced the CD4+ T cell–mediated host antimycobac-
terial defense. Overall, these results demonstrate a critical role of 
TREM-2 in evoking proinflammatory Th1 responses, which may 
provide useful information for the development of a therapeutic 
target for TB and other infectious and inflammatory diseases.

Results
TREM-2 expression on CD4+ T cells is increased during mycobacterial 
infection. To explore the expression profile of TREMs in T cells and 
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T cells (Supplemental Figure 6, A and B). In addition, deficiency of 
TREM-2 in CD4+ T cells reduced the proportion of Tem and Tcm 
cells, but increased the frequency of naive T cells (Supplemental 
Figure 6C). Together these data indicated that TREM-2 was pos-
itively correlated with the activation and effector memory differ-
entiation of CD4+ T cells.

TREM-2 signal induces CD4+ T cell activation via T cell–anti-
gen-presenting cell interaction. TREM-2 ligand (TREM-2L) expres-
sion on macrophages was previously observed by staining with 
TREM-2–Fc fusion protein (5). We thus used mouse TREM-2–Fc 
fusion protein to measure the expression of the putative ligand 
for TREM-2 in macrophages and DCs. F4/80+ macrophages and 
CD11c+ DCs had higher expression levels of mouse TREM-2L in 
the spleens of H37Rv-infected mice (Figure 3A). Expression of 
TREM-2L was barely detected on CD19+ B and CD3+ T cells (Fig-
ure 3A). Moreover, the frequency of TREM-2L+ macrophages and 
DCs was increased in the spleens of H37Rv-infected mice com-
pared with uninfected controls (Supplemental Figure 7, A and B). 
In addition, expression of human TREM-2L, as determined by 
human TREM-2–Fc fusion protein expression, was increased on 
monocyte-derived DCs infected with H37Rv (Figure 3B) or heat-
killed H37Rv (Figure 3C).

Next, we analyzed the activity of TREM-2+CD4+ T cells reg-
ulated by TREM-2L/TREM-2 signaling in the coculture system. 
First, splenic WT and TREM-2–/– naive CD4+ T cells from WT or 
TREM-2–/– mice were sorted and then stained with CFSE, fol-
lowed by in vitro stimulation with heat-killed, H37Rv-primed 
DCs, which expressed high levels of TREM-2L (Figure 3C). After 
3 days of stimulation, we observed that WT CD4+ T cells prolifer-
ated more quickly than did TREM-2–/– CD4+ T cells (Figure 3, D 
and E). In addition, WT CD4+ T cells produced more IFN-γ than 
did TREM-2–/– CD4+ T cells after 3 days of coculturing with heat-
killed, H37Rv-primed DCs (Figure 3F). Moreover, treatment with 
mouse TREM-2–Fc fusion protein reduced cell proliferation and 
production of IFN-γ in WT CD4+ T cells, but had no significant 
effect on TREM-2–/– CD4+ T cells (Figure 3, D–F). To confirm these 
results, human TREM-2+ and TREM-2-CD4+ T cells from PBMCs 
of HCs were sorted and then stained with CFSE, followed by in 
vitro stimulation with heat-killed, H37Rv-primed DCs in the pres-
ence of human TREM-2–Fc fusion protein or the isotype control. 
TREM-2+CD4+ T cells had greater proliferation and IFN-γ pro-
duction compared with TREM-2–CD4+ T cells (Figure 3, G–I). 
Treatment with TREM-2-Fc significantly reduced the prolifera-
tion and IFN-γ production in TREM-2+CD4+ T cells at 3 days after 
stimulation compared with the isotype control, but did not affect 
TREM-2– CD4+ T cell response (Figure 3, G–I). However, TREM-2 
deficiency in DCs did not affect CD4+ T cell proliferation (Supple-
mental Figure 8). Together, these results indicated that TREM-2L/
TREM-2 signaling induced CD4+ T cell activation via T cell–anti-
gen-presenting cell (T cell–APC) interaction.

TREM-2 facilitates the proliferation and Th1 differentiation of M. 
tuberculosis–specific CD4+ T cells. Next, we analyzed the correlation 
between TREM-2 expression and CD4+ or CD8+ T cell percentages 
in PBMCs from patients with active TB (n = 116) or from HCs (n = 
81). The results showed that TREM-2 expression on CD4+ T cell 
surfaces was positively correlated with the frequency of periph-
eral CD4+ T cells in patients with active TB (n = 116, r = 0.607,  

TREM-2 expression is positively correlated with activation and 
a memory phenotype of CD4+ T cells. Next, we performed flow 
cytometry to determine the expression of T cell activation mark-
ers including CD44, CD69, and CD25, as well as the chemokine 
receptor CXCR3 on TREM-2+CD4+ versus TREM-2–CD4+ T cells 
(Figure 2, A–D). In patients with active TB (n = 30), TREM-2+ 

CD4+ T cells had higher levels of all the indicated activation 
markers compared with levels in TREM-2–CD4+ T cells (Fig-
ure 2, A–D). Since CD4+ T cells differentiate into distinct effec-
tor or memory cell subsets after activation, we further analyzed 
the phenotype of TREM-2+CD4+ T cells by double-staining with 
Abs against CD45RO and CCR7 or CD27, which divide CD4+ T 
cells into 4 subsets: naive T cells (CD45RO–CCR7+ or CD45RO–

CD27+), central memory T (Tcm) cells (CD45RO+CCR7+ or 
CD45RO+CD27+), effector memory T (Tem) cells (CD45RO+ 

CCR7– or CD45RO+CD27–), and terminally differentiated effec-
tor T (Temra) cells (CD45RO–CCR7– or CD45RO–CD27–). As 
observed in T cells from patients with active TB (n = 40) whose 
T cells were stained with CD45RO and CCR7, the frequency of 
Tcm, Tem, and Temra cells was increased, while the frequency 
of naive T cells was decreased in TREM-2+CD4+ T cells compared 
with TREM-2–CD4+ T cells (Figure 2E). We further confirmed 
these observations by staining for CD45RO and CD27 in T cells 
from another cohort of patients with active TB (n = 21) (Figure 2F). 
Meanwhile, we analyzed TREM-2 expression in different CD4+ 
T cell subsets and found that TREM-2 expression in naive CD4+ 
T cells was much lower than that in effector and memory T cell 
subsets (Tcm, Tem, and Temra) (Supplemental Figure 4, A and B).

Consistently, in the lungs and spleens from H37Rv-infected 
C57BL/6 mice, expression levels of the T cell activation mark-
ers CD69 and CD25 were increased in TREM-2+CD4+ versus 
TREM-2–CD4+ T cells (Supplemental Figure 5, A and B). More-
over, increased proportions of Tem cells (CD44+CD62L–) and 
decreased proportions of naive T cells (CD44–CD62L+) were 
detected in TREM-2+ compared with TREM-2–CD4+ T cells (Sup-
plemental Figure 5C). Moreover, sorted WT and TREM-2–/– CD4+ 
T cells were respectively transferred into Rag2–/– mice, followed by 
infection with H37Rv. In the lungs and spleens of Rag2–/– recipient 
mice, we observed that the frequencies of CD69+ and CD25+ cells 
were significantly reduced in TREM-2–/– compared with WT CD4+ 

Figure 1. M. tuberculosis infection induces TREM-2 expression in CD4+ T 
cells. (A and B) Expression levels of TREM-2 in CD4+ T cells, CD8+ T cells, 
CD14+ monocytes (Mo), or PBMCs from HCs (n = 10) or patients with active 
TB (n = 10) were analyzed by quantitative real-time PCR (A) and flow 
cytometry (B). White and shaded histograms, respectively, show staining 
with TREM-2 Abs and an isotype control. (C) PBMCs from HCs or patients 
with active TB were double-stained with anti-CD4 (green) and anti–TREM-2 
(red) Abs and then observed by fluorescence microscopy. Scale bars: 50 
μm; original magnification, ×40 (enlarged insets). (D and E) Flow cyto-
metric analysis of TREM-2 expression in CD4+ T cells from HCs (n = 81) and 
patients with active TB (n = 116), latent TB (n = 30), cured TB (n = 43), or 
COPD (n = 22). (F–H) C57BL/6 mice were injected i.p. with 1 × 106 CFU  
M. bovis BCG (n = 3) or H37Rv (n = 3). The proportion of TREM-2+CD4+ T 
cells was assessed by flow cytometry in the indicated organs 28 days p.i. 
(G), or in spleens at the indicated time points (H). Data represent the mean 
± SD from at least 3 independent experiments. *P < 0.05, **P < 0.01, and 
***P < 0.001, by unpaired Student’s t test (A) and 1-way ANOVA (E–H).
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First, TREM-2+ and TREM-2–CD4+ T cells from PBMCs from 
patients with active TB were sorted by flow cytometry, stained with 
CFSE, and then cocultured with heat-killed, H37Rv-primed DCs. 
After 3 days, we observed that TREM-2+CD4+ T cells proliferated 
more quickly than did TREM-2–CD4+ T cells (Figure 4B). Since Th1 
cells mediate the protective immune response against M. tubercu-

P < 0.01), but not in HCs (n = 81, r = 0.109, P > 0.05) (Figure 4A). 
This phenomenon was also observed in peripheral CD8+ T cells, 
but the correlation was much weaker than that in CD4+ T cells 
(Supplemental Figure 3B, n = 116, r = 0.269, P < 0.01). Therefore, 
we mainly focused on the role of TREM-2 on CD4+ T cells in the 
subsequent experiments.

Figure 2. TREM-2+CD4+ T cells display an activation and effector memory phenotype in patients with active TB. Expression levels of T cell activation 
markers including CD44 (A), CD69 (B), and CD25 (C) as well as the chemokine receptor CXCR3 (D) were determined by flow cytometry in TREM-2+CD4+ and 
TREM-2–CD4+ T cells from patients with active TB (n = 30). The percentages of positive cells for each indicated marker in TREM-2+CD4+ versus TREM-2– 

CD4+ T cells were compared. (E and F) Flow cytometric analysis of CD45RO/CCR7 (n = 40) and CD45RO/CD27 (n = 21) staining to define the T cell subsets 
in TREM-2+CD4+ versus TREM-2–CD4+ T cells from patients with active TB. The percentages of naive T cells , Tem cells, Tcm cells, and terminally differen-
tiated effector Temra cells were compared between TREM-2+CD4+ and TREM-2–CD4+ T cells. Data represent the mean ± SD from at least 3 independent 
experiments. Unpaired Student’s t test was performed in A–F. *P < 0.05 and ***P < 0.001.
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losis infection, we next evaluated the role of TREM-2 in modulat-
ing Th1 differentiation. PBMCs from patients with active TB were 
stimulated with M. tuberculosis–specific Ag early secreted antigen 
of 6 kDa (ESAT-6) and 10 kDa culture filtrate protein (CFP-10), or 
with anti-CD3/anti-CD28 Abs for 12 hours. The flow cytometric 
data showed that upon restimulation, the production of IFN-γ, TNF, 
and IL-2 was increased in TREM-2+CD4+ versus TREM-2–CD4+ T 
cells (Figure 4, C–E). Furthermore, the proportions of TNF+IFN-γ+, 
IFN-γ+IL-2+, and TNF+IL-2+ cells were enhanced in TREM-2+CD4+ 
versus TREM-2–CD4+ T cells in both patients with active TB and 
HCs, and the percentage was much higher in patients with TB than 
in HCs (Supplemental Figure 9, A–C). In addition, flow cytomet-
ric data revealed that the expression of T-bet, a Th1-featured tran-
scription factor, was elevated in TREM-2+CD4+ versus TREM-2– 

CD4+ T cells (Supplemental Figure 9D). Taken together, our data 
suggested that TREM-2 promoted M. tuberculosis–specific CD4+ T 
cell proliferation and Th1 differentiation.

TREM-2 interacts with the CD3ζ-ZAP70 complex to activate 
CD4+ T cells. Next, we applied IP and liquid chromatography–
mass spectrometry (LC-MS) to explore the downstream signaling 
molecules of TREM-2 in CD4+ T cells. The results identified CD3ζ 
as a potential protein interacting with TREM-2 in CD4+ T cells 
(Supplemental Figure 10A). Anti–TREM-2 or anti-CD3ζ IP was 
performed on WT and TREM-2–/– mouse CD4+ T cells and F4/80+ 
macrophages, and then immunoblots were analyzed with specif-
ic Abs against TREM-2, DAP12, and CD3ζ. Our results indicated 
that TREM-2 interacted with CD3ζ in CD4+ T cells, rather than 
the adaptor molecule DAP12 detected in macrophages (Figure 
5, A and B, and Supplemental Figure 10B). Moreover, we trans-
fected 293T cells with HA-tagged TREM-2, FLAG-tagged CD3ζ, 
and/or Myc-tagged ZAP70 plasmids and then assessed for pro-
tein interaction by IP. We detected surface TREM-2 expression 
in 293T cells after transfection with HA-tagged TREM-2 plas-
mids. Exogenous IP data revealed that TREM-2 interacted with 
the CD3ζ-ZAP70 complex, but not with CD3ζ alone (Figure 5, C 
and D). Endogenous IP data consistently showed that TREM-2 
interacted weakly with ZAP70-CD3ζ in peripheral CD4+ T cells 
from HCs, but this binding was dramatically strengthened in 
patients with active TB (Figure 5E). Next, we performed Western 
blot and flow cytometric analyses to assess the phosphorylation 

of CD3ζ (Tyr83) and ZAP70 (Tyr319) in WT versus TREM-2–/– 
CD4+ T cells. TREM-2 deficiency reduced the phosphorylation 
of CD3ζ and ZAP70 in mouse CD4+ T cells after anti-CD3/anti-
CD28 ligation (Figure 5F). Also, we detected higher levels of 
phosphorylated CD3ζ (p-CD3ζ) (Figure 5G) and p-ZAP70 (Fig-
ure 5H) in TREM-2+CD4+ versus TREM-2–CD4+ T cells from 
patients with active TB. To confirm whether TREM-2 evokes the 
activation of CD3ζ/ZAP70 signaling, we transfected Jurkat cells 
with TREM-2–expressing plasmids or a PSG5 vector, followed 
by anti-CD3/anti-CD28 stimulation. We analyzed cell-surface 
TREM-2 by flow cytometry to confirm the transfection efficiency 
(Supplemental Figure 11A). Upon stimulation, overexpression of 
TREM-2 enhanced the phosphorylation of CD3ζ (Supplemental 
Figure 11B) and ZAP70 (Supplemental Figure 11C) in Jurkat cells. 
Together, these data suggested that TREM-2 interacted with the 
CD3ζ-ZAP70 complex to induce T cell activation.

To further explore the critical domains and residues of TREM-2  
involved in CD3ζ/ZAP70 activation, we constructed plasmids 
encoding full-length (FL) TREM-2 or the extracellular Ig domain 
and truncated forms of TREM-2 lacking the transmembrane, the 
cytosolic domain, and the extracellular Ig domain, respectively 
(Figure 6A). IP data suggested that truncated TREM-2 with dele-
tion of the cytosolic or Ig domain was able to interact with CD3ζ/
ZAP70, but the Ig domain alone or deletion of the transmembrane 
domain failed (Figure 6B). These data indicated that TREM-2 
interacted with CD3ζ/ZAP70 through its transmembrane domain. 
To further determine the critical amino acid sites involved in 
TREM-2 signaling through CD3ζ and ZAP70, we further con-
structed TREM-2 plasmids with the mutations of various con-
served residues including C36, R47, C60, T66, and K137, which 
are located in the extracellular Ig domain or the transmembrane 
domain and are crucial for the function and signal transduction 
of TREM-2 (11) (Figure 6C). IP assay data revealed that the K173A 
mutation dramatically disrupted the interaction between TREM-2  
and CD3ζ/ZAP70, whereas other mutant forms of TREM-2 
(including C36A, R47H, C60A, and T66M) were still able to inter-
act with CD3ζ/ZAP70 (Figure 6D). In addition, we transfected 
mouse CD4+ T cells with TREM-2–GFP plasmids (WT or mutant 
forms) or the control vector and then assessed the phosphoryla-
tion of CD3ζ and ZAP70 by flow cytometry in GFP+ cells. The flow 
cytometric data showed that all mutant forms of TREM-2 reduced 
the phosphorylation of CD3ζ (Tyr83) and ZAP70 (Tyr319) when 
compared with the WT forms (Figure 6, E–I), indicating that the 
structure integrity of TREM-2 is important in CD4+ T cell activa-
tion. These data suggested that TREM-2 interacted with CD3ζ/
ZAP70 via its transmembrane domain (especially the K173 site) 
and that both the extracellular Ig domain and the transmembrane 
domain were required for CD4+ T cell activation.

TREM-2 activates STAT1/STAT4 to promote Th1 differentiation 
by interacting with T cell receptor/IFN-γ receptor. STAT1 and STAT4 
often form homodimers or heterodimers to induce Th1 differen-
tiation, which is characterized by enhanced T-bet transcription 
and IFN-γ production (39, 40). Here, we investigated the role of 
TREM-2 on STAT1/STAT4 activation, T-bet expression, and IFN-γ 
production in human and mouse CD4+ T cells. Western blot data 
showed that overexpression of TREM-2 in human primary CD4+ T 
cells enhanced STAT1 (Ser727) and STAT4 (Tyr693) phosphoryla-

Figure 3. TREM-2 signal induces CD4+ T cell activation via T cell–APC 
interaction. (A) Expression of TREM-2L on F4/80+ macrophages, CD11c+ 
DCs, CD3+ T cells, and CD19+ B cells in spleens of H37Rv-infected mice. (B 
and C) Expression levels of TREM-2L on DCs were detected after H37Rv 
infection or heat-killed H37Rv treatment (n = 4). (D–F) Splenic T cells sort-
ed from WT or TREM-2–/– mice (n = 3) were labeled with CFSE and then 
cocultured with heat-killed, H37Rv-primed DCs for 5 days in the presence 
of IgG or mouse TREM-2–Fc protein. The proportion (D) and absolute 
number (E) of proliferated cells and IFN-γ production (F) were assessed 
by flow cytometry. (G–I) TREM-2+CD4+ versus TREM-2–CD4+ T cells sorted 
from PBMCs from HCs (n = 3) were labeled with CFSE and then cocultured 
with heat-killed, H37Rv-primed DCs for 5 days in the presence of IgG or 
human TREM-2–Fc protein. The proportion (G) and absolute number (H) 
of proliferated cells as well as IFN-γ production (I) were assessed by flow 
cytometry. Data represent the mean ± SD from at least 3 independent 
experiments. ***P < 0.001, by unpaired Student’s t test (B and C) and 
1-way ANOVA (D–I).
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TREM-2 promoted CD4+ T cell proliferation and Th1 differentia-
tion via STAT1 and STAT4 signaling.

TREM-2 promotes Th1-mediated host defense against M. tuber-
culosis infection. To determine whether TREM-2 influences CD4+ 
T cell–mediated antimycobacterial defense in vivo, we transferred 
sorted TREM-2+CD4+ or TREM-2–CD4+ T cells into Rag2–/– mice 
i.v., followed by infection with the M. tuberculosis strain H37Rv. We 
first assessed the stability of TREM-2 expression on the CD4+ T 
cell surface by flow cytometry. Rag2–/– mice were transferred with 
mixed TREM-2–CD45.1+CD4+ and TREM-2+CD45.2+CD4+ T cells 
at a ratio of 1:1, followed by H37Rv infection. The data showed that 
approximately 99% of CD45.2+ T cells maintained the TREM-2+ 
phenotype both 24 hours after adoptive transfer and 7 days p.i. 
(Supplemental Figure 13, A and B). Furthermore, approximately 
99% of CD45.1+ T cells maintained the TREM-2– phenotype 24 
hours after adoptive transfer (Supplemental Figure 13A), whereas 
on day 7 p.i., approximately 20% of CD45.1+ T cells converted to 
the TREM-2+ phenotype (Supplemental Figure 13B).

Next, we assessed the host immune response against M. tuber-
culosis in Rag2–/– recipient mice reconstituted with TREM-2+ or 
TREM-2–CD4+ T cells. As expected, we observed that TREM-2+ 

CD4+ T cells proliferated more quickly than did TREM-2–CD4+ T 
cells, both in vivo (Supplemental Figure 14, A and B) and in vitro 
(Supplemental Figure 14C). We observed increased IFN-γ, TNF, 
and IL-2 production (Supplemental Figure 14D) in CD4+ T cells 
from mice transferred with TREM-2+CD4+ T cells as detected by 
flow cytometry, and ELISA data further confirmed increased Th1 
cytokine production in the lungs, spleens, and blood of TREM-2+ 

CD4+ T cell–transferred mice (Supplemental Figure 14E). More-
over, transfer of TREM-2+CD4+ T cells significantly reduced the 
bacterial burden in the lungs and spleens of recipient mice 4 and 6 
weeks p.i. (Supplemental Figure 14F) and resulted in reduced lung 
damage and granuloma formation in the infected mice by 28 days 
p.i. (Supplemental Figure 14G).

We further determined the in vivo role of TREM-2 in CD4+ T 
cell–mediated host responses against M. tuberculosis by transfer-
ring WT or TREM-2–/– CD4+ T cells into Rag2–/– mice i.v., followed 
by H37Rv infection (Figure 8A). Consistent with the results from 
the transfer model of TREM-2+CD4+ versus TREM-2–CD4+ T cells, 
we observed decreased frequencies of CD4+ T cells in the lungs and 
spleens of recipient Rag2–/– mice after TREM-2–/– CD4+ T cell trans-
fer (Figure 8B). An in vitro proliferation assay also demonstrated 
that WT CD4+ T cells proliferated more quickly than did TREM-
2–/– CD4+ T cells upon stimulation with heat-killed, H37Rv-primed 
DCs (Figure 8C). Furthermore, lower levels of IFN-γ, TNF, and 
IL-2 production (Figure 8D and Supplemental Figure 15A) as well 
as decreased T-bet expression levels (Supplemental Figure 15B) 
in splenic CD4+ T cells were detected in the infected Rag2–/– mice 
transferred with TREM-2–/– CD4+ T cells. ELISA further confirmed 
the reduced production of Th1 cytokines (Figure 8E). Moreover, we 
detected an increased bacterial load (Figure 8F) and aggravated 
lung injury (Figure 8G) after the transfer of TREM-2–/– CD4+ T cells.

To exclude the possibility that the absence of other immune 
cells in Rag2–/– mice may affect CD4+ T response, we next estab-
lished a bone marrow (BM) chimeric mouse model to verify the 
direct effect of TREM-2 on CD4+ T cells. Rag2–/– mice transferred 
with a mixture of WT and TREM-2–/– BM cells at a ratio of 1:1 were 

tion (Figure 7A). In addition, TREM-2 deficiency in mouse CD4+ T 
cells suppressed the phosphorylation of STAT1 and STAT4 induced 
by stimulation with IFN-γ and IL-2 plus CD3/CD28 ligation, where-
as this effect was compromised by pretreatment with the ZAP70 
inhibitor PP2 (Figure 7B). Transfection with plasmids encoding 
WT TREM-2, but not mutant forms (C36A, R47H, T66M, K173A), 
enhanced STAT1 and STAT4 phosphorylation (Figure 7, C and D) 
as well as IFN-γ production (Supplemental Figure 12A) in human 
primary CD4+ T cells upon IFN-γ and IL-2 stimulation. Consis-
tently, flow cytometric analysis of primary human CD4+ T cells 
showed that cell proliferation (Supplemental Figure 12B) and IFN-γ 
production (Supplemental Figure 12C) were enhanced in human 
TREM-2+CD4+ versus TREM-2–CD4+ T cells upon stimulation with 
heat-killed, H37Rv-primed DCs, while this effect was blocked by 
treatment with the ZAP70 inhibitor PP2 or the pan-STAT inhibitor 
SH-4-54 (Supplemental Figure 12, B and C).

Previous studies have reported that the IFN-γ receptor (IFN-
γR) is an integral part of the T cell receptor (TCR) complex (41). 
In the present study, we found that TREM-2 interacted with CD3ζ 
and the IFN-γR, but not the IL-4R, in CD4+ T cells from patients 
with active TB (Figure 7E). Compared with HCs, we observed 
increased interaction between TREM-2 and the IFN-γR in sorted 
CD4+ T cells from patients with active TB (Figure 7E). To disso-
ciate the effect of the TCR versus the IFN-γR stimulus, we ana-
lyzed the p-STAT1 and p-STAT4 levels in TREM-2+CD4+ T cells 
from patients with active TB upon stimulation with anti-CD3/
anti-CD28 Abs in the presence of anti–IFN-γR–neutralizing Abs. 
In PBMCs from patients with active TB, higher levels of p-STAT1 
(Ser727) and p-STAT4 (Tyr693) were detected by flow cytometry 
in TREM-2+CD4+ T cells versus TREM-2–CD4+ T cells (Figure 7, F 
and G). Treatment with anti–IFN-γR–neutralizing Abs reduced the 
phosphorylation of STAT1 and STAT4 in TREM-2+CD4+ T cells, 
but not in TREM-2–CD4+ T cells (Figure 7, F and G), indicating that 
TREM-2 activated STAT1 and STAT4 signaling by interacting with 
the TCR–IFN-γR complex.

Furthermore, we analyzed T-bet expression in sorted human 
TREM-2+CD4+ and TREM-2–CD4+ T cells upon Th1 polarization in 
the presence of anti–IFN-γR–neutralizing Abs. We detected high-
er levels of T-bet expression by flow cytometry in TREM-2+CD4+ 
versus TREM-2–CD4+ T cells (Figure 7H). Blocking the IFN-γR 
reduced T-bet expression in TREM-2+CD4+ T cells compared with 
the IgG control (Figure 7H). These results together suggested that 

Figure 4. TREM-2 promotes Th1 differentiation of M. tuberculosis–specif-
ic CD4+ T cells in patients with active TB. (A) The correlation between the 
frequency of CD4+ T cells and TREM-2 expression was analyzed in HCs (n = 
81) and patients with active TB (n = 116) using SPSS software. r, correlation 
coefficient. (B) CFSE-labeled TREM-2+CD4+ or TREM-2–CD4+ T cells from 
patients with active TB were stimulated with heat-killed, H37Rv-primed 
DCs, and anti-CD3/anti-CD28 (1 μg/mL) for 3 days, and then cell prolifer-
ation was assessed by flow cytometry. (C–E) PBMCs from patients with 
active TB (n = 30) were stimulated with anti-CD3/anti-CD28 (αCD3/αCD28, 
1 μg/mL), M. tuberculosis–specific Ag ESAT-6 (10 μg/mL), or CFP-10 (10 μg/
mL) for 12 hours. The percentages of T cells producing IFN-γ (C), TNF (D), 
and IL-2 (E) in TREM-2+CD4+ or TREM-2–CD4+ T cells were detected by flow 
cytometry. Data represent the mean ± SD from at least 3 independent 
experiments. ***P < 0.001, by Spearman’s correlation analysis for analysis 
of the correlations in A and unpaired Student’s t test (C–E).
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TREM-2 conditional KO mice (TREM-2fl/fl CD4-Cre) were gener-
ated by crossing mice with loxP-flanked alleles of TREM-2 exons 
2 and 3 (TREM-2fl/fl ) and mice with transgenic expression of Cre 
recombinase driven by the gene encoding CD4 (CD4-Cre) (Sup-
plemental Figure 17). TREM-2fl/fl  and TREM-2fl/fl  CD4-Cre mice 
were infected i.v. with H37Rv. We detected reduced frequencies 
of CD4+ T cells in the lungs and spleens (Figure 9A) as well as 
impaired production of IFN-γ, TNF, and IL-2 (Figure 9, B and C) in 
TREM-2fl/fl CD4-Cre mice compared with control TREM-2fl/fl  mice 
28 days p.i. Moreover, survival of TREM-2fl/fl  CD4-Cre mice was 
reduced (Figure 9D), with increased bacterial loads in the lungs 
and spleens (Figure 9E) and accelerated lung injury (granuloma 

infected i.v. with H37Rv and then assessed for Th1 responses. The 
results showed that CD4+ T numbers were significantly increased 
in recipient mice after H37Rv infection, in which over 75% of CD4+ 
T cells were derived from WT (CD45.1) BM cells, whereas only 
25% were from TREM-2–/– (CD45.2) BM cells (Supplemental Fig-
ure 16A). We consistently found that WT-derived CD4+ T cells had 
higher expression levels of the activation markers CD69 and CD25 
(Supplemental Figure 16, B and C) and increased production of Th1 
cytokines including IFN-γ, TNF, and IL-2 (Supplemental Figure 16, 
D–F) when compared with TREM-2–/––derived CD4+ T cells.

Finally, to further elucidate the intrinsic role of TREM-2 on 
the CD4+ T cell response against M. tuberculosis, CD4-specific 

Figure 5. TREM-2 interacts with CD3ζ/ZAP70 to enhance TCR signaling. (A and B) Naive CD4+ T cells isolated from WT or TREM-2–/– mice were treated 
with anti-CD3 mAb (1 μg/mL) for 30 minutes. F4/80+ macrophages treated with LPS (1 μg/mL, 30 min) were used as a control. Cell lysates (input), anti–
TREM-2 (A), or anti-CD3ζ immunoprecipitates (B) were analyzed by Western blotting for TREM-2, CD3ζ, and DAP12. (C and D) 293T cells were transfected 
with a PSG5 vector containing HA-tagged TREM-2, FLAG-tagged CD3ζ, and Myc-tagged ZAP70. Blots of cell lysates (input) or anti-HA (C) and anti-FLAG 
(D) immunoprecipitates were analyzed by Western blotting for HA, FLAG, and Myc. (E) Human CD4+ T cells or CD11b+ monocytes were sorted from PBMCs 
from HCs or patients with active TB. Anti–TREM-2 immunoprecipitates were analyzed for CD3ζ and ZAP70. (F) WT versus TREM-2–/– mouse CD4+ T cells 
were treated with anti-CD3/anti-CD28 Abs (1 μg/mL) and analyzed by Western blotting for CD3ζ (Tyr83) and ZAP70 (Tyr315) phosphorylation. (G and H) 
PBMCs from patients with active TB (n = 10) were stimulated with anti-CD3/anti-CD28 (1 μg/mL) for 5 minutes. p-CD3ζ (G) and p-ZAP70 (H) in TREM-2+ 

CD4+ versus TREM-2–CD4+ T cells were analyzed by flow cytometry. Data are shown as the MFI of the indicated molecules and represent the mean ± SD 
from at least 3 independent experiments. ***P < 0.001, by unpaired Student’s t test (G and H). Mϕ, macrophages.
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Figure 6. TREM-2 activates CD3ζ/ZAP70 signaling via its transmembrane and Ig domain. (A–D) A PSG5 plasmid encoding the Ig domain, WT (FL), or 
truncated forms of TREM-2, respectively, deleting Ig (ΔIg), the transmembrane (ΔTM), or the cytosolic domain (ΔCD), as well as 5 mutant forms of TREM-2 
(C36A, R47H, C60A, T66M, and K173A) were constructed. (B and D) 293T cells were transfected with truncated or mutant TREM-2 plasmids. A co-IP assay 
was performed to analyze the interaction among TREM-2, CD3ζ, and ZAP70. (E–I) Sorted CD4+ T cells (n = 4) were transfected with mutant TREM-2–GFP 
plasmids. CD3ζ (Tyr83) and ZAP70 (Tyr319) phosphorylation was analyzed in GFP+ cells by flow cytometry. Data represent the mean ± SD from at least 3 
independent experiments. *P < 0.05 and **P < 0.01, by 1-way ANOVA (G and I).
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on APCs is involved in the modulation of CD4+ T cell activity 
remains unknown and thus requires further exploration. In addi-
tion, TREM-2 promoted CD4+ T cell proliferation and Th1 differ-
entiation in both humans and mice. It is reported that infectious or 
inflammatory stimuli may induce the expression of certain TLRs 
on the T cell surface, which in turn modulate T cell activation 
and effector differentiation (1). For example, CD4+ T cells from 
patients with TB pleurisy showed increased TLR2 expression lev-
els compared with levels in HCs, and activation of TLR2 by stim-
ulation with M. tuberculosis 19 kDa lipoprotein induces IFN-γ pro-
duction in CD4+ T cells (48). Moreover, TLT2 on the CD8+ T cell 
surface functions as the counter-receptor for the costimulatory 
molecule B7-H3 and enhances IFN-γ and IL-2 production in CD8+ 
T cells (25). Therefore, we speculate that TREM-2 may function as 
a costimulatory molecule on CD4+ T cells, triggering Th1 respons-
es and host inflammation.

We next explored the signal transduction mechanism of 
TREM-2–mediated T cell activation. We performed IP and LC-MS 
experiments to identify CD3ζ as the potential molecule that inter-
acts with TREM-2. It is well known that the Ag-specific signal via 
the TCR induces the phosphorylation of immunoreceptor tyro-
sine–based activation motif (ITAM) on CD3 chains, particularly 
the CD3ζ, and then recruits the kinase ZAP70 to the phosphorylat-
ed ITAMs (49). Activated ZAP70 in turn phosphorylates and acti-
vates various downstream signal transduction molecules, leading 
to T cell activation (50). We demonstrated that TREM-2, rather 
than DAP12 (the adaptor molecule reported in macrophages), 
interacted with the CD3ζ-ZAP70 complex in CD4+ T cells and that 
this interaction was dramatically strengthened in patients with TB 
versus HC donors. These data indicated that TREM-2 interacted 
with the CD3ζ-ZAP70 complex in activated, but not naive, CD4+ T 
cells and supported the findings that TREM-2 expression was pos-
itively related with T cell activation phenotype.

Next, we examined the key domain or residues in TREM-2–
mediated T cell activation. TREM-2 has an extracellular Ig-like 
ligand-binding domain and a transmembrane region bearing a 
positively charged lysine (K) residue that interacts with DAP12 
(11). We analyzed the amino acid sequence of CD3ζ and found 
a negatively charged aspartic acid (D) residue at the 31–51 region 
(LCYLLDGILFIYGVILTALFL) of the transmembrane domain, 
similar to DAP12, which indicated a possible interaction with 
the positively charged lysine (K) residue on the TREM-2 trans-
membrane domain (11). Numerous studies have demonstrated 
that the loss-of-function mutations of TREM-2 (e.g., R47H and 
T66M) impair the survival, phagocytosis, and lipid metabolism 
of microglial cells, leading to the onset of neurodegenerative 
diseases (51, 52). Except for the R47H and T66M mutations that 
are widely reported, K173 and C36 are also key amino acids indis-
pensable for TREM-2 signal transduction (11). The interaction of 
TREM-2 with its adaptor DAP12 depends on the lysine-aspartate 
electrostatic interaction mediated by K173 (11). In the present 
study, although only the K173 mutation affected TREM-2–CD3ζ 
interaction, the activation of CD3ζ/ZAP70/STAT1/STAT4 sig-
naling in T cells was suppressed by all of the TREM-2 mutants 
mentioned above, including C36A, R47H, C60A, T66M, and 
K173, indicating the importance of the structural integrity of 
TREM-2 in CD4+ T cell activation.

formation) (Figure 9F) compared with TREM-2fl/fl  control mice. 
Taken together, these data demonstrated that TREM-2 in CD4+ 
T cells promoted proinflammatory Th1 responses and bacterial 
clearance during in vivo M. tuberculosis infection.

Discussion
TREM-2 is initially identified as an innate receptor on myeloid 
cells. A previous study reported that TREM-2 is expressed in CD4+ 
and CD8+ T cells from patients with TB (26). In the present study, 
we found that the percentage of peripheral TREM-2+CD4+ T cells 
was upregulated in patients with active TB versus HCs. Although 
peripheral TREM-2+CD8+ T cells were also enhanced in patients 
with active TB, the correlation with disease progression was much 
weaker than that of TREM-2+CD4+ T cells. Furthermore, we found 
that TREM-2 expression on CD4+ T cells was positively associat-
ed with the expression of CD25, CD69, CD44, and CXCR3. CD25 
and CD69 appear to be the earliest inducible cell-surface mole-
cules acquired during T cell activation (42). The adhesion molecule 
CD44 and chemokine receptor CXCR3 are critical for lympho-
cyte migration to inflamed tissues (43). Besides, TREM-2+CD4+ 
T cells displayed more effector memory phenotypes as defined 
by CD45RO plus CCR7 or CD27. The chemokine receptor CCR7 
and the TNF receptor superfamily member CD27 are T cell differ-
entiation markers that are commonly used as comarkers for Tcm 
cells (44, 45). Although Tcm cells could be defined as early mem-
ory (CD45RO+CCR7–CD27+) T cell subsets and effector memory 
(CD45RO+CCR7–CD27–) subsets, the difference between CD27 and 
CCR7 is ignorable in distinguishing Tcm cells (46, 47). Collectively, 
these data indicated that TREM-2 might play an essential role in T 
cell–mediated host defense against M. tuberculosis infection.

A previous study indicated that TREM-2L was expressed on 
the surface of macrophages (5). Here, we found that TREM-2L 
expression was increased in M. tuberculosis–infected macrophages 
and DCs. Blockage of TREM-2L–TREM-2 interaction by the 
TREM-2–Fc fusion protein reduced the proliferation and IFN-γ 
production of CD4+ T cells. However, which ligand of TREM-2  

Figure 7. TREM-2 promotes STAT1 and STAT4 activation by interacting 
with IFN-γR. (A) Sorted human CD4+ T cells were transfected with PSG5–
TREM-2 plasmids for 24 hours and then stimulated with anti-CD3/anti-
CD28 Abs. STAT1 and STAT4 phosphorylation was analyzed by Western 
blotting. (B) Mouse WT versus TREM-2–/– CD4+ T cells were stimulated with 
anti-CD3/anti-CD28 Abs (1 μg/mL) plus IL-2 (10 ng/mL) and IFN-γ (20 ng/
mL) for 30 minutes in the presence of PP2 (1 μM) or DMSO control. STAT1 
and STAT4 phosphorylation was determined by Western blotting. (C and 
D) Primary human CD4+ T cells (n = 4) were transfected with WT or mutant 
forms of TREM-2–GFP plasmids. STAT1 and STAT4 phosphorylation was 
analyzed in GFP+ cells by flow cytometry. (E) Human CD4+ T cells from 
PBMCs from patients with active TB were sorted. Anti-TREM-2 immuno-
precipitates were analyzed for IFN-γR, IL-4R, and CD3ζ. (F and G) PBMCs 
from patients with active TB (n = 16) were stimulated with anti-CD3/anti-
CD28 Abs (1 μg/mL) in the presence of anti–IFN-γR Abs (20 μg/mL). STAT1 
(Ser727) and STAT4 (Tyr693) phosphorylation in TREM-2+ or TREM-2– 

CD4+ T cells was analyzed by flow cytometry, and the MFI of p-STAT1 and 
p-STAT4 was quantified. (H) Human TREM-2+CD4+ versus TREM-2–CD4+ T 
cells (n = 4) were stimulated with heat-killed, H37Rv-primed DCs for 3 days 
in the presence of IgG or anti–IFN-γR Abs (20 μg/mL). Data represent the 
mean ± SD from at least 3 independent experiments. *P < 0.05, **P < 0.01, 
and ***P < 0.001, by 1 way ANOVA (C–H).
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considerably impaired T cell ability to proliferate and produce 
IFN-γ upon TCR/CD3 stimulation (53). Meanwhile, IL-2R/STAT4 
and IFNR/STAT1 signaling was indispensable for T-bet regula-
tion and Th1 differentiation (39, 40). These results indicated that 
CD3ζ/ZAP70/STATs signaling is crucial for TREM-2–enhanced 
Th1 cell responses.

Moreover, we found that TREM-2 promoted STAT1 and STAT4 
phosphorylation and enhanced T-bet expression and IFN-γ pro-
duction in CD4+ T cells. TREM-2–promoted Th1 differentiation 
was suppressed by treatment with the ZAP70 inhibitor PP2. The 
stronger activity of ZAP70 and CD3ζ was more often observed in 
Th1 than in Th2 differentiation (53). Selective blockage of ZAP70 

Figure 8. Rag2–/– mice reconstituted with TREM-2–/– CD4+ T cells display weaker Th1 responses against M. tuberculosis infection in vivo. (A) Rag2–/– mice 
(n = 6) were injected i.v. with 5 × 106 WT or TREM-2–/– CD4+ T cells, followed by i.p. injection of 1 × 106 CFU H37Rv. On day 28 p.i., lungs and spleens were 
collected. (B) The frequency of pulmonary and splenic CD4+ T cells was determined by flow cytometry. (C) CFSE-labeled WT or TREM-2–/– CD4+ T cells were 
stimulated with heat-killed, H37Rv-primed DCs, and anti-CD3/anti-CD28 Abs (1 μg/mL) for 3 days, and then cell proliferation was assessed by flow cytom-
etry. (D) Splenocytes were stimulated with PMA (50 nM), ionomycin (1 μg/mL), and brefeldin A (BFA) (1 μg/mL) for 6 hours. The percentages of IFN-γ–, 
TNF-, and IL-2–producing cells were analyzed by flow cytometry. (E) IFN-γ, TNF, and IL-2 concentrations in the lungs, spleens, and peripheral blood were 
determined by ELISA. (F) The bacterial burden in the lungs was determined by plate count and calculated as CFU per lung. (G) Lung sections were stained 
with H&E and analyzed by histopathology under the microscope. Scale bars: 50 μm. Data represent the mean ± SD from at least 3 independent experi-
ments. *P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired Student’s t test (B–F).
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naling reduced the phosphorylation of STAT1 and STAT4, as well 
as T-bet expression in TREM-2+CD4+ T cells, while had no effect 
on TREM-2–CD4+ T cells. These data indicated that the TREM-2–
induced Th1 response was dependent on TCR/IFN-γR signals.

Since Th1 response is critical for eliminating intracellular 
pathogens, we next examined the role of TREM-2–bearing CD4+ T 
cells in a murine model of M. tuberculosis infection. Results demon-
strated that TREM-2 promoted a proinflammatory Th1 response 
to reduce the bacterial burden and granuloma formation after M. 
tuberculosis infection. This observation is consistent with other in 
vivo studies showing that TREM-2 deficiency attenuates the host 

It has been reported that STAT1 (Ser727) phosphorylation was 
partially dependent on IFN-γ (54). TCR stimulation also triggers 
STAT1 (Ser727) phosphorylation in the absence of IFN-γ signaling 
(55, 56). Studies have reported that IFN-γR is an integral part of 
TCR complex (41). Our study demonstrated that TREM-2 interact-
ed with CD3ζ and IFN-γR, but not IL-4R, in CD4+ T cells, suggest-
ing that TREM-2 may be an integral part of the TCR–IFN-γR com-
plex. To dissociate the effect of TCR versus IFN-γ stimulus, we 
analyzed the phosphorylation of STAT1 and STAT4 in TREM-2+ 

CD4+ T cells stimulated with anti-CD3/anti-CD28 Abs in the 
presence of anti–IFN-γR–neutralizing Ab. Blockage of IFN-γ sig-

Figure 9. CD4-specific conditional KO of TREM-2 impairs proinflammatory Th1 responses against M. tuberculosis infection in vivo. TREM-2fl/fl and 
TREM-2fl/fl CD4-Cre mice (n = 5) were infected i.v. with 1 × 106 CFU H37Rv. On day 28 p.i., lungs and spleens were collected. (A) The frequency of pulmonary 
and splenic CD4+ T cells was determined by flow cytometry. (B) Splenocytes were stimulated with PMA (50 nM), ionomycin (1 μg/mL), and BFA (1 μg/mL) 
for 6 hours. The percentages of IFN-γ–, TNF-, and IL-2–producing cells were analyzed by flow cytometry. (C) IFN-γ, TNF, and IL-2 concentrations in the 
lungs, spleens, and peripheral blood were determined by ELISA. (D) Survival rates were determined for individual groups of mice 12 weeks after H37Rv 
infection. (E) Bacterial burden in the lungs was determined by plate count and calculated as CFU per lung. (F) Lung sections were stained with H&E and 
histopathologically examined under the microscope. Scale bars: 50 μm. Data represent the mean ± SD from at least 3 independent experiments. *P < 0.05, 
**P < 0.01, and ***P < 0.001, by unpaired Student’s t test (A–C) and 2-way ANOVA (D and E).
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Bacterial culture. M. bovis BCG strain 19015 and M. tuberculo-
sis H37Rv strain 25618 were purchased from the American Type 
Culture Collection (ATCC) and were grown in Middlebrook 7H9 
broth medium or on 7H10 agar plates supplemented with 10% oleic 
albumin dextrose catalase (OADC) at 37°C. M. bovis BCG or the M. 
tuberculosis strain H37Rv was homogenized to generate a single-cell 
suspension for infection of cells as reported previously (23). Experi-
ments using the virulent strain (H37Rv) were performed in the Bio-
safety Level-3 Laboratory (BSL-3) at Sun Yet-Sen University (Guang-
zhou, China), with the approval of the Biological Safety Committee 
Board of Sun Yet-Sen University.

M. tuberculosis infection. Rag2–/– mice reconstituted with TREM-2–/–  
versus WT cells or with TREM-2+CD4+ versus TREM-2–CD4+ T cells 
were infected i.p. with 1 × 106 CFU H37Rv. Mixed BM chimeric mice, 
TREM-2fl/fl mice, and TREM-2fl/fl CD4-Cre mice were infected i.v. with 
1 × 106 CFU H37Rv. On day 28 p.i., the bacterial load in the lungs and 
spleen of each mouse was determined by plate count with 7H10 agar. 
M. tuberculosis–infected mouse lungs were collected, fixed with 10% 
buffered formalin, and embedded with paraffin. Tissue sections (5 
μm) were stained with H&E and histopathologically examined under 
an Olympus microscope (Olympus).

Preparation of single scattered lung cells. Lung tissue was collected 
from euthanized mice and washed twice in PBS to remove the remain-
ing blood. Lung tissues were cut with scissors and tweezers into small 
pieces and put into digestive solution containing 100 μg/mL collage-
nase D (MilliporeSigma) and 10 μg/mL DNase I (Thermo Fisher Sci-
entific), followed by shaking for 1 hour at 37°C. After the digestion, 
cells were collected through a 70 μm cell filter and centrifuged at 600g 
and used for further experiments.

Flow cytometry. The following fluorescent dye–labeled anti-human 
Abs were used: CD3 (clone UCHT1, BD Biosciences [BD]); CD4 (clone 
L200, BD); CD8 (clone RPA-T8, BD); CD45RA (clone HI100, BD); 
CD45RO (clone UCHL1, BD); CD27 (clone M-T271, BD); CD69 (clone 
FN50, eBioscience); CCR7 (clone 150503, BD); CXCR3 (clone G025H7, 
BioLegend); CD44 (clone G44-26, BD); CD25 (clone BC96, eBiosci-
ence); TREM-2 (clone 237920, R&D Systems); TNF (clone MAb11, 
eBioscience); IFN-γ (clone 4S.B3, eBioscience); IL-2 (clone MQ1-
17H12, BioLegend); T-bet (clone O4-46, BD); p-ZAP70 (Tyr319) (clone 
1503310, BioLegend); p-CD3ζ (Tyr83) (clone EP776 [2]Y, Abcam); 
p-STAT1 (Tyr701) (clone A15158B, BioLegend); and p-STAT4 (Tyr693) 
(clone 38/p-STAT4, BD). The following fluorescent dye–labeled anti-
mouse Abs were used: CD3 (clone 145-2C11, BD); CD4 (clone RM4-5, 
BD); CD8 (clone 53-6.7, BD); CD45.1 (clone A20, BD); CD45.2 (clone 
104, BD); CD69 (clone H1.2F3, eBioscience); CD25 (clone PC61, eBio-
science); CD44 (clone IM7, BD); CD62L (clone MEL-14, BD); TNF 
(clone MP6-XT22, eBioscience); IFN-γ (clone XMG1.2, eBioscience); 
and T-bet (clone 4B10, BD). For intracellular molecule phosphoryla-
tion staining, cells were incubated with anti-CD3 Ab in the presence of 
IL-2 (10 μg/mL, R&D Systems) or IFN-γ (10 μg/mL, R&D Systems) and 
then analyzed with the True-Phos Perm Buffer Kit (BioLegend) accord-
ing to the manufacturer’s instructions. Samples were detected using 
a BD FACSCaliber or BD LSR II cytometer and analyzed with FlowJo 
software (Tree Star). The gating strategies used to determine TREM-2 
expression on cell populations in human PBMCs and mouse lung cells 
are shown in Supplemental Figures 18 and 19, respectively.

TREM-2-Fc staining. Recombinant human TREM-2-Fc fusion pro-
tein (hTREM-2-Fc) and mouse TREM-2-Fc were purchased from R&D 

inflammation during chronic infection/inflammation models (17, 
21, 22). The proinflammatory effects of TREM-2 in chronic infec-
tion/inflammation models appear to be contrast with the well-
known antiinflammatory property of TREM-2 in the innate immu-
nity. Therefore, we hypothesize that TREM-2 may execute distinct 
functions on innate and adaptive immune cells, resulting in differ-
ent outcomes during acute and chronic infections or inflammation.

To sum up, the present study explored the role of TREM-2 on 
CD4+ T cells. We found that TREM-2 expression on CD4+ T cells 
was induced by infection and inflammation. More important, 
TREM-2 interacted with the TCR-CD3ζ-ZAP70 complex as well as 
the IFN-γR in CD4+ T cells, subsequently activating STAT1/STAT4 
signaling to enhance proinflammatory Th1 responses. These find-
ings reveal an expanded function of TREM-2 and elucidate the 
TREM-2–mediated regulatory mechanism in adaptive immunity 
and host inflammation that may provide a promising therapeutic 
target for TB and other infectious and inflammatory diseases.

Methods
Human participants. Patients with active pulmonary TB (n = 116), latent 
TB (n = 30), cured TB (n = 43), COPD (n = 22), or sepsis (n = 22) were 
recruited from The Fifth Affiliated Hospital of Sun Yat-sen University 
(Zhuhai, China). All the patients were selected based on clinical diag-
nosis and laboratory information. Patients with TB were serologically 
confirmed as HIV negative. Patients with COPD were confirmed as 
T-SPOT negative. The exclusion criteria included patients with other 
pulmonary diseases (pneumonia, lung cancer, etc.), or under chemo-
therapy or anti-TB therapy. HCs (n = 81) were randomly recruited from 
individuals undergoing health checkup at The Fifth Affiliated Hospital 
of Sun Yat-sen University, and confirmed as T-SPOT negative. Clinical 
characteristics and laboratory results for the patients with TB and HCs 
are provided in Supplemental Table 1.

Generation of CD4 specific TREM-2–KO mice. Mice with loxP-
flanked alleles of TREM-2 at exons 2 and 3 (TREM-2fl/fl) were generat-
ed at the Model Animal Research Center (MARC) of Nanjing Universi-
ty (Nanjing, China). Mice were backcrossed with mice on a C57BL/6J 
background for more than 6 generations. To generate mice with a 
CD4-specific KO of the TREM-2 allele, TREM-2fl/fl mice were crossed 
with mice expressing Cre recombinase under the control of the CD4 
promoter (CD4-Cre mice, The Jackson Laboratory, stock no. 022071) 
to achieve CD4-specific deletion of TREM-2 (TREM-2fl/fl CD4-Cre) 
(Supplemental Figure 17). Six- to 8-week-old female mice (TREM-2fl/fl  
vs. TREM-2fl/fl CD4-Cre) were used in the experiments.

Generation of mixed BM chimeric mice. Six- to 8-week-old female 
Rag2–/– mice were irradiated with 9.5 Gy to eliminate the bone mar-
row–derived (BM-derived) cells, followed by the transfer of mixed 
BM cells from CD45.1 WT mice and CD45.2 TREM-2–/– mice at a ratio 
of 1:1 via i.v. injection. Eight weeks later, the mice were infected i.v. 
with 1 × 106 CFU H37Rv.

Reconstitution of CD4+ T cells in Rag2–/– mice. Six- to 8-week-old 
female C57BL/6 mice were purchased from the Guangdong Medical 
Laboratory Animal Center. Rag2–/– mice were purchased from Guang-
zhou Sebiona Biological Science and Technology Co. Ltd. TREM-2–/– 
mice were provided by Marco Colonna (Washington University, St. 
Louis, Missouri, USA). Purified WT versus TREM-2–/– CD4+ T cells or 
TREM-2– versus TREM-2+ cells (5 × 106 cells/mice) were adoptively 
transferred into Rag2–/– recipient mice by i.v. injection.
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assessed by Western blotting. Protein from cell lysates was respec-
tively immunoprecipitated with anti–human TREM-2 Ab (clone 
D8I4C, Cell Signaling Technology [CST]), anti–mouse TREM-2 Ab 
(clone EPR20243, Abcam), and anti-CD3ζ Ab (clone H146-968) ver-
sus isotype-matched IgG, followed by Western blotting for TREM-2, 
CD3ζ, DAP12, IFNγR, and TCRα/β.

T cell proliferation assays. TREM-2+ versus TREM-2– or WT versus 
TREM-2–/– CD4+ T cells isolated from human PBMCs or mouse sple-
nocytes were labeled with CFSE (5 μM, Invitrogen, Thermo Fisher Sci-
entific) and then seeded in 96-well plates (1 × 105 cells/well) with or 
without simulation with heat-killed, H37Rv-primed DCs, TREM-2–Fc, 
or human IgG (20 μg/mL), anti-CD3 (1 μg/mL), anti-CD28 (1 μg/mL), 
and IL-2 (10 ng/mL). CFSE dilution was analyzed by flow cytometry 
on day 3. The gating strategy for the CFSE proliferation array is shown 
in Supplemental Figure 22.

Immunofluorescence microscopy. PBMCs were centrifuged at 600g 
for 5 minutes and then fixed with 1% paraformaldehyde (Millipore-
Sigma) for 15 minutes. Cells were stained with FITC-labeled anti-CD4 
or anti-CD14 and PE-labeled anti–TREM-2 Abs for 15 minutes and 
then visualized under a fluorescence microscope (Olympus).

ELISAs. Lungs and spleens were collected from M. tuberculosis– 
infected mice on day 28 p.i. and then homogenized in 2 mL PBS con-
taining 0.05% Tween-80. Homogenized tissue supernatants were 
filtered with a 0.22 μm membrane and analyzed using an ELISA kit 
(R&D systems) for mouse IFN-γ, TNF, and IL-2, according to the man-
ufacturer’s guidelines.

Western blot analysis. Cells were lysed with loading buffer contain-
ing 2% SDS and then boiled at 100°C for 15 minutes. Proteins were 
separated by SDS-PAGE and transferred onto PVDF membranes. 
Membranes were blocked with TBS containing 5% milk and 0.1% 
Tween-20, followed by incubation with anti–p-ZAP70 (Tyr319) (clone 
65E4, CST); anti–p-CD3ζ (Tyr83) (clone EP776(2)Y, Abcam); anti– 
p-STAT1 (Ser727) (clone 58D6, CST); anti–p-STAT4 (Tyr693) (clone 
D2E4, CST); anti-IFNγR1 (clone epr7866, Abcam); or anti-TCRα/β 
(clone R73, Abcam). Then, the membranes were incubated with the 
appropriate secondary Ab at room temperature (RT) for 1 hour, fol-
lowed by visualization with an ECL kit (KeyGEN) according to the 
manufacturer’s instructions.

Statistics. Data analyses were performed using GraphPad Prism 
8.0 (GraphPad Software). Differences between the means of 2 groups 
were analyzed using an unpaired, 2-tailed Student’s t test. Multiple 
groups were analyzed using a 1-way ANOVA with Tukey’s or Dunnett’s 
post test. Data are shown as the mean ± SD unless otherwise indicat-
ed. A P value of less than 0.05 was considered statistically significant.

Study approval. This study and all experimental protocols were 
approved by the ethics committees for human and animal experiments 
at the Zhongshan School of Medicine (Guangzhou, China) and The 
Fifth Affiliated Hospital of Sun Yat-Sen University (Zhuhai, China). 
For experiments involving human samples, written informed consent 
was obtained from all participants. The procedure was performed in 
accordance with the National Commission for the Protection of Sub-
jects of Biomedical and Behavioral Research for animal experiments. 
All efforts were made to minimize suffering of the animals.
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Systems. hTREM-2–Fc consists of the human TREM-2 (Met1-Ser174) 
extracellular domain with linker and human IgG1 (Pro100-Lys330). 
Murine TREM-2–Fc (mTREM-2–Fc) consists of mouse TREM-2 
(Leu19-Pro168) and an extracellular domain with linker and human 
IgG1 (Pro100-Lys330). TREM-2 ligand staining was performed as pre-
viously described (5). Briefly, 0.5 μg TREM-2–Fc or human IgG1 (R&D 
Systems) was precomplexed with 2.5 μg PE-labeled anti–human IgG1 
(Miltenyi Biotec) for 30 minutes. Cells (2 × 105) were stained for 1 hour 
on ice. Samples were analyzed on a BD FACSCaliber Cytometer.

Cell sorting and culturing. Human CD14+ monocytes, CD4+ T cells, 
and CD8+ T cells were isolated from PBMCs by positive selection 
using the magnetic cell-sorting system (BD). The purities of sorted 
cells (both >95%) were determined by flow cytometry (Supplemental 
Figure 20A). Mouse WT or TREM-2–/– CD4+ T cells were sorted from 
mouse splenocytes using a magnetic cell-sorting system (BD), and 
the purity of isolated cells was confirmed (Supplemental Figure 20B). 
TREM-2–CD4+ or TREM-2+CD4+ T cells were respectively sorted from 
C57BL/6 mouse splenocytes or human PBMCs by flow cytometry 
using the BD FACSAria. Sorted TREM-2–CD4+ or TREM-2+CD4+ T 
cells were verified as a group of CD11b–CD11c–CD19–CD4+ cells (Sup-
plemental Figure 21). HEK293T cells (ATCC, GRL-11268 strain) and 
Jurkat cells (ATCC, TIB-152 strain) were cultured in DMEM or 1640 
medium supplemented with 10% FBS and 100 U/mL penicillin and 
100 μg/mL streptomycin and then incubated at 37°C in a humidified 
incubator with 5% CO2.

DC generation. Human monocyte–derived DCs were cultured as pre-
viously described (23). DCs were obtained from CD14+ monocytes after 
culturing with granulocyte-macrophage CSF (GM-CSF, 20 ng/mL) and 
IL-4 (20 ng/mL) for 5 days. For mouse DCs, BM cells were cultured with 
20 ng/mL GM-CSF and harvested for the stimulation assay on day 7.

TCR activation. For TCR stimulation, human TREM-2+CD4+ ver-
sus TREM-2–CD4+ T cells were incubated for the indicated durations 
with heat-killed, H37Rv-primed DCs or anti-CD3 (1 μg/mL, clone 
OKT3, BD) and anti-CD28 (1 μg/mL, clone CD28.2, BD) Abs plus 
IL-2 (10 ng/mL) and IFN-γ (10 ng/mL) or IL-4 (20 ng/mL), whereas 
mouse TREM-2+CD4+ versus TREM-2– or WT versus TREM-2–/– CD4+ 
T cells were incubated with heat-killed, H37Rv-primed DCs or anti-
CD3 (1 μg/mL, clone 145-2C11, BioLegend) and anti-CD28 (1 μg/mL, 
clone 37.51, BioLegend) Abs (1 μg/mL) plus IL-2 and IFN-γ (20 ng/
mL). For IFN-γ blocking, human TREM-2+CD4+ versus TREM-2–CD4+ 
T cells were incubated with anti-CD3/anti-CD28 Abs (1 μg/mL) plus 
anti-IFN-γ Ab (10 μg/mL, clone B27, BD) or anti–IFN-γR Ab(10 μg/
mL, clone ab280353, Abcam). For antigen stimulation, PBMCs were 
incubated with ESAT-6 and CFP-10 (10 μg/mL, Shanghai Gene-Opti-
mal Science & Technology Co., Ltd.) overnight. To study the effect of 
PP2 or SH-4-54 on the T cell response, primary human or mouse CD4+ 
T cells were pretreated with PP2 (250 nM, Selleck) or SH-4-54 (100 
nM, Selleck) or DMSO for 1 hour, and then stimulated with anti-CD3/
anti-CD28 Abs (1 μg/mL) for the indicated durations. The recombi-
nant human or mouse cytokines, including GM-CSF, IL-4, IFN-γ, IL-2, 
were purchase from R&D Systems.

IP assays. HA-tagged TREM-2, FLAG-tagged CD3ζ, and/or 
Myc-tagged ZAP70 plasmids were generated by molecular cloning. 
The HA tag, FLAG tag, and Myc tag were placed on the C-terminal 
of TREM-2, CD3ζ, and ZAP70. The indicated constructs were trans-
fected into HEK293T cells using polyethylenimine for 24 hours, and 
cell lysates were immunoprecipitated with anti-FLAG beads and then 
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