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 INTRODUCTION 
  Neisseria gonorrhoeae  remains a major cause of sexually trans-

mitted infections around the world. 1  In 10 – 20 %  of women with 

gonococcal infection, pelvic inflammatory disease develops, 

which includes a variety of inflammatory conditions of the 

upper reproductive tract including endometritis, parametritis, 

and salpingitis and often leads to chronic pelvic pain, inferti-

lity, and ectopic pregnancy. 2  In addition, epidemiological and 

clinical studies provide strong evidence that gonococcal infec-

tions facilitate the transmission of human immunodeficiency 

virus-1 infection and that control of gonorrhea needs to remain 

high on the agenda of human immunodeficiency virus-1 control 

programs. 3 – 6  

 Evidence is growing that the innate immune system plays 

a critical role in the initial response to gonococcal infec-

tion. Our previous work and that of other investigators has 

shown that gonococci can initiate proinflammatory cytokine 

expression through activation of nuclear factor  � B. In particular, 

gonococci engage innate immune receptors toll-like receptor 

(TLR)4 and TLR2, with lipooligosaccharide (LOS) engaging 

TLR4, and PorB and lipoprotein Lip functioning as agonists for 

TLR2. 7 – 9  In urogenital epithelial cell lines, gonococcal infection 

induces upregulation of a variety of proinflammatory and inflam-

matory cytokines, including tumor necrosis factor- � , interleukin 

(IL)-1 � , IL-6, and IL-8. 10 – 12  In experimental infection, the 

levels of the same four cytokines have been found to be elevated 

in both the urine and the plasma of men after gonococcal 

challenge. 13  In addition, McGee  et al . 14  demonstrated that 

gonococcal infection of human fallopian tube mucosa resulted in 

increased production of tumor necrosis factor- � , and that tumor 

necrosis factor- �  concentrations correlated with the sloughing 

of ciliated cells of the fallopian tube in organ explant cultures 

 in vitro , which closely mimics the progression of gonococcal 

infection observed  in vivo . 

 Among the important virulence factors involved in the patho-

genesis of gonococcal infections, the LOS has been identified as 
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a major component inducing the host proinflammatory cytokine 

response to the organisms. 7  Gonococcal LOS is structurally 

related to the lipopolysaccharide (LPS) expressed by enteric 

Gram-negative bacteria, although LOS does not possess the 

repeating  O -polysaccharide regions. 15,16  LOS is composed of a 

hydrophilic oligosaccharide core that is exposed on the surface, 

and a hydrophobic lipid A portion containing fatty acid residues 

that vary in acylation and phosphorylation, which anchors the 

LOS into the bacterial outer membrane. 17  In particular, several 

studies have implicated the lipid A portion as the bioactive com-

ponent of Neisserial LOS. 18,19  

 Triggering receptor expressed on myeloid cells (TREM) is 

a recently described family of transmembrane glycoproteins 

that play an important role in initiating innate and adaptive 

immune responses. 20  The two best characterized of these recep-

tors, TREM-l and TREM-2, function through association with 

a DAP12-mediated pathway for signaling. 21,22  In humans, both 

the TREM-1 and TREM-2 genes are highly conserved, with only 

a single gene of each receptor having been identified. In mice, 

TREM-1 is conserved whereas TREM-2 is expressed as two iso-

forms, TREM-2A and TREM-2B, which differ by three amino 

acids in the extracellular domain. 23  To date, TREM-1 has been 

found to be expressed by neutrophils and a subset of mono-

cytes and macrophages, whereas the expression of TREM-2 has 

been reported on immature monocyte-derived dendritic cells, 

osteoclasts, macrophages, and microglia. 20  The ligands for the 

TREM receptors remain unclear. Although LPS has been shown 

to be an agonist for TREM-1 activation, 24  the direct binding of 

LPS to TREM-1 is yet to be demonstrated. The recent report of 

Daws  et al . 25  suggests that murine TREM-2 recognizes bacteria 

through a charge-dependent interaction. They found that both 

soluble and membrane-expressed TREM-2 bound to a variety 

of bacteria including  Escherichia coli  and  Staphylococcus aureus , 

and that this binding was inhibitable by LPS and other charged 

carbohydrates of bacterial origin. 

 In this study, we demonstrate that murine TREM-2 binds 

to gonococcal outer membrane components LOS and opacity 

(Opa) protein, which are important virulence determinants 

of infection, and that binding can initiate transmembrane cell 

signaling. In addition, we provide evidence that human TREM-2 

is constitutively expressed by genitourinary epithelial cells and 

by the fallopian tube epithelium, both of which are primary 

targets of gonococcal invasion, and that ligation of TREM-2 by 

LOS can induce IL-6 production in HeLa cervical carcinoma 

cells. To our knowledge, this is the first report of the expression of 

human TREM-2 by cells deriving from a non-myeloid lineage.   

 RESULTS  
 ELISA analyses of TREM-2A binding 
 Whole-bacteria enzyme-linked immunosorbent assay (ELISA) 

analyses were performed to determine whether gonococci bound 

to soluble recombinant TREM-2A and whether strains varied in 

their recognition and binding. As shown in  Figure 1 , TREM-2A 

bound to all six strains tested but to variable degrees ( P     =    0.01). 

In contrast, the binding of soluble recombinant TREM-3, a 

related member of the TREM family, 26  to strains 1291 and F62 

was significantly less than that of TREM-2A ( P     <    0.001) and 

was comparable to the binding of IgG Fc fragments used as a 

control for the binding of the IgG Fc portion of the TREM-2A 

and TREM-3 fusion proteins. The length of the OS  � -chain did 

not affect binding, as MkC and MkC  � 1 – 5 bound to similar 

amounts of TREM-2 despite MkC  � 1 – 5 expressing a truncated 

version of the OS  � -chain of MkC ( Table 1 ).   

 Far-western blot analyses of TREM-2A binding 
 We next investigated the site of TREM-2A binding on the 

gonococcal membrane using far-western blots to probe the 

binding to dissociated LOS and protein components of outer 

membrane complexes purified from the highest and lowest 

binding strains 1291 and F62, respectively. The blots revealed 

      Table 1     LOS  � -chain structures of gonococcal strains 

  LOS     � -chains  

 MkC  a    Gal � 1-4GlcNAc � 1-3Gal � 1-4GlcNAc � 1-3Gal � 1-4Glc 

 MkC  GalNAc � 1-3Gal � 1-4GlcNAc � 1-3Gal � 1-4Glc 

 MkC  Gal � 1-4GlcNAc � 1-3Gal � 1-4Glc 

 F62  b    GalNAc � 1-3Gal � 1-4GlcNAc � 1-3Gal � 1-4Glc 

 F62  Gal � 1-4GlcNAc � 1-3Gal � 1-4Glc 

 1291  Gal � 1-4GlcNAc � 1-3Gal � 1-4Glc 

 MkA  Gal � 1-4-Glc 

 MkC  � 1 – 5  c    Gal � 1-4-Glc 

 GC56  ND  d   
     LOS, lipooligosaccharide.   
   a    MkC expresses three major LOS components.   
   b    F62 has two main LOS components.   
   c    MkC  � 1 – 5 is an isogenic mutant of variant MkC; MkC and MkA are variants of 
strain MS11 mk .   
   d    ND, not determined.   
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  Figure 1        TREM-2A binds to various strains of  Neisseria gonorrhoeae . 
Whole-cell ELISA analyses were performed by coating microtiter wells 
with gonococci and incubating the wells with TREM-2A (TR-2A), TREM-3 
(TR-3), or IgG Fc fragments. The bars represent the mean of triplicate 
data points and the error bars are  ± s.d. The results are representative of 
four independent experiments. ELISA, enzyme-linked immunosorbent 
assay; TREM, triggering receptor expressed on myeloid cells.  
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that TREM-2A bound to two components of the gonococcal 

outer membrane, LOS and a protein with an approximate mass 

of 30   kDa, with >75 %  of the binding to LOS as determined by 

densitometry ( Figure 2 ). The conclusion that LOS served as the 

primary TREM-2A-binding site derived from the low molecular 

mass of the reactive band as well as from the binding of LOS 

MAb 1B2 to a band of comparable sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis migration for both strains. As 

the size of the 30   kDa protein was appropriate for a gonococcal 

Opa protein, we used Opa MAb B33 to provide evidence for its 

identity as Opa. As with the LOS MAb, the Opa MAb bound to 

a band of comparable sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis migration to that bound by TREM-2A, sug-

gesting that the Opa protein is secondarily bound by TREM-2A. 

Interestingly, Opa MAb B33 revealed that strain F62 expresses 

two Opa variants, only one of which bound to TREM-2A. As 

a control, the binding of TREM-3 was tested similarly, with no 

binding to any outer membrane components detectable.   

 TREM-2A binding to LOS 
 As the predominant binding of TREM-2A to gonococcal outer 

membrane components was to LOS, we further investigated 

this finding using LOS ELISA assays. As shown in  Figure 3 , we 

found that TREM-2A bound to purified LOS, thus confirming 

the results of the far-western blots. The relative level of bind-

ing was variable and paralleled the degree to which TREM-2A 

bound to whole bacteria. Further evidence that OS structure 

was independent of the amount of binding was seen with the 

significant difference in the binding of TREM-2A to 1291 and 

F62 LOS ( P     <    0.001), both of which express a lacto- N -neotetra-

ose OS  � -chain ( Table 1 ). This suggested that the structure of 

the lipoidal moiety may play a role in binding. To assess this pos-

sibility, LOS was  O -deacylated with anhydrous hydrazine, which 

removes the  O -linked  � -hydroxylaurate acyl chains of lipid A 

and the binding of TREM-2A was determined by ELISA. We 

found that  O -deacylated LOS bound to significantly less TREM-

2A than untreated LOS ( P     <    0.001 for all three LOS comparing 

untreated vs.  O -deacylated) ( Figure 3 ). As it is possible that 

 O -deacylation affected the binding of LOS to microtiter wells, we 

confirmed the ELISA results using a dot blot assay. As shown in 

 Figure 3 , dot blot analyses revealed that  O -deacylated LOS 

bound to substantially less TREM-2A than untreated LOS.   

 Surface plasmon resonance studies 
 To measure the affinity of TREM-2A for LOS, surface plasmon 

resonance studies were performed using 1291 LOS to which 

TREM-2A bound to the greatest degree in ELISA analyses. 

TREM-2A was immobilized on the surface of the chip, and 

the affinity of TREM-2A for LOS was determined following 

the injection of increasing concentrations of LOS. As shown 

in  Figure 4 , LOS showed specific and dose-responsive binding 

to TREM-2A. In contrast, no specific binding of LOS to 

TREM-3 was detected as exemplified by the horizontal sensor-

gram generated following injection of the highest concentration 

of LOS (62    �  M ) over the TREM-3-immobilized surface. The 

specificity of the recognition of TREM-2A by LOS was con-

firmed by incubating the highest concentration of LOS with an 

equimolar concentration of soluble TREM-2A prior to injection 

of the LOS. Such treatment effectively eliminated the binding 

of the LOS to TREM-2A as judged by the minimal increase in 

the slope of the association portion of the sensorgram following 

injection. To calculate the dissociation constant value ( K  D ) for 

the observed interaction between TREM-2A and LOS, the one-

to-one Langmuir model was used. The choice of this model was 

supported by a   �   2  value of 2.88, indicating that the experimen-

tal curves fit well to the theoretical ideal curves of one-to-one 

binding interactions. Using this model, the  K  D  of 1291 LOS for 

TREM-2A was calculated to be 3.5 × 10     −    7     M .   

 Binding of gonococci to TREM-2A expressed on cells 
 We used mouse T-cell lymphoma cell line BWZ.36 (BWZ) cells 

transfected to express TREM-2A to determine whether gono-

cocci could bind to TREM-2A expressed on the surface of cells. 

To this end, we incubated fluorescent-labeled gonococci with 

TREM-2A-expressing BWZ cells and analyzed bacterial binding 

to cells using flow cytometry. As shown in  Figure 5 , gonococci 

bound to the TREM-2A-transfected cells to a greater degree 

than to non-transfected cells. As a control for the specificity of 

  Figure 2        TREM-2A binds gonococcal outer membrane components 
LOS and Opa protein as shown by far-western blots. The sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis-separated LOS 
and proteins from OMC purified from gonococcal strains F62 and 
1291 were transferred to nitrocellulose and reacted with TREM-2A (left 
panel) or TREM-3 (right panel). Both strains bound TREM-2A to outer 
membrane components LOS and Opa protein; however, >75 %  of binding 
was to LOS as determined by densitometry. No binding of TREM-3 to 
outer membrane components was detected. The identity of LOS was 
determined with the use of LOS MAb 1B2 (lower center panel), which 
binds to the lacto- N -neotetraose terminal structure of the LOS expressed 
by strains F62 and 1291, and that of Opa proteins was determined with 
the use of Opa MAb B33 (upper center panel), which reacts with all Opa 
protein variants. For the LOS, intensity differences in LOS MAb staining 
are the result of differences between the two strains in the amount 
of LOS expressed terminating in lacto- N -neotetraose as shown in 
 Table 1 . For the Opa proteins, F62 expressed two variants, only one 
of which bound to TREM-2A. The results are representative of three 
independent experiments. LOS, lipooligosaccharide; OMC, outer 
membrane complexes; Opa protein, opacity protein; TREM, triggering 
receptor expressed on myeloid cells.  
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gonococcal binding to TREM-2A on BWZ cells, we also assessed 

the binding of gonococci to BWZ cells expressing TREM-3 and 

found that gonococci bound to a greater degree to TREM-2A-

expressing cells than to cells expressing TREM-3 ( Figure 5 ).   

 TREM-2A reporter assay analyses 
 We used a BWZ reporter cell-line assay to establish whether 

the binding of gonococci or LOS to TREM-2A on the surface of 

cells could initiate a transmembrane signaling event. Cells were 

incubated with gonococci at a bacteria-to-cell ratio of either 

1:1 or 100:1, and for LOS, cells were treated with concentra-

tions of either 1 or 100    � g   ml     −    1 . We found that engagement of 

TREM-2A by gonococci as well as by LOS induced transmem-

brane signaling as evidenced by a twofold or greater increase 

in  lacZ  activity in TREM-2A-expressing cells compared with 

non-transfected cells ( Figure 6 ;  P     <    0.05 for all comparisons). 

In contrast, BWZ reporter cells expressing TREM-3 showed 

significantly less  lacZ  activity than TREM-2A-expressing cells 

when treated with strains 1291 or F62 gonococci ( P     <    0.001).   

 TREM-2 expression by human reproductive tract epithelial 
cells 
 We next determined whether human TREM-2 is constitutively 

expressed by reproductive tract epithelial cells that are known 

to be invaded by  N. gonorrhoeae . 12,27,28  Constitutive expression 

of TREM-2 by cultured human ectocervical, endocervical, vagi-

nal, ME-180, and HeLa cells was detected by flow cytometry 

( Figure 7 ). As a positive control, THP-1 cells were found to 

express TREM-2 as reported previously. 29  Immunohistochemical 

staining also showed constitutive expression of TREM-2 by 

fallopian tubes as seen in the photomicrographs in  Figure 8 . 

Expression of TREM-2 was patchy in distribution and was local-

ized to the epithelium with scant cells staining for the protein in 

the stroma. Greater expression was observed on the apical side 

of the epithelial cells and expression was detected predominantly 

on ciliated cells.   

 IL-6 induction by HeLa cells through LOS ligation of TREM-2 
 To assess the biological importance of TREM-2 ligation in 

reproductive tract epithelial cells, we investigated whether the 

engagement of TREM-2 by LOS resulted in the production of 
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    Figure 3        TREM-2A binds to intact gonococcal LOS but not to  O -deacylated LOS. Left panel: ELISA analyses of the binding of TREM-2A to intact and 
 O -deacylated LOS. Wells were coated with LOS, blocked and reacted with TREM-2A. TREM-2A bound to the intact LOS of the strains tested but to 
variable degrees. No correlation was observed between the length of the OS  � -chains and TREM-2A binding based on the structures in  Table 1 . 
 O -deacylated LOS bound to substantially less TREM-2A than untreated LOS. Statistical comparisons:  P     <    0.001 for all three LOS comparing untreated 
vs.  O -deacylated. The bars represent the mean of triplicate data points and the error bars are  ± s.d. The data are representative of three independent 
experiments. Right panel: dot blot analyses of the binding of TREM-2A to LOS and  O -deacylated LOS. LOS was spotted onto Hybond nitrocellulose 
membranes, which were blocked and incubated with TREM-2A. The significant decrease in binding of TREM-2A to  O -deacylated LOS suggested 
a critical role for lipid A in the binding of TREM-2A to LOS. The data are representative of three independent experiments. ELISA, enzyme-linked 
immunosorbent assay; LOS, lipooligosaccharide; TREM, triggering receptor expressed on myeloid cells.  
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  Figure 4        Surface plasmon resonance kinetic analyses of the binding 
of 1291 LOS to TREM-2A performed on a Biacore 3000 system using 
CM5 sensor chips. Increasing concentrations of LOS were injected 
at 10    � l   min     −    1  into a flow cell containing TREM-2A-coated and control 
surfaces. For TREM-3, the highest concentration of LOS (62    �  M ) was 
injected over the TREM-3-coated and control surfaces. All binding signals 
were corrected for nonspecific binding by subtracting the signal of the 
control flow cell. For the sensorgram labeled as LOS and TREM-2A, 
equimolar concentrations of LOS and soluble TREM-2A were incubated 
for 30   min prior to injection over the TREM-2A and control surfaces. LOS, 
lipooligosaccharide; TREM, triggering receptor expressed on myeloid cells.  
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proinflammatory cytokine IL-6. HeLa cells were chosen as the 

test cell line as they do not express MD2, which is necessary 

for the response of TLR4 to LOS. 7  Thus, induction of IL-6 in 

response to LOS treatment would be independent of signaling 

through the TLR4 receptor complex. When treated with strain 

1291 LOS for 12   h, HeLa cells expressed a significant dose-

dependent increase in IL-6 compared with the constitutive 

level of expression by untreated cells ( Figure 9 ). To confirm 

the role of TREM-2 ligation in the stimulation of IL-6 produc-

tion in response to LOS, cells were treated with affinity-puri-

fied goat anti-human TREM-2 polyclonal IgG prior to exposure 

of the cells to LOS to block the interaction between TREM-2 

and LOS. As shown in  Figure 9 , IL-6 production by HeLa cells 

was significantly reduced as the result of treatment of the cells 

with anti-TREM-2 antibody ( P     <    0.05 for both LOS concentra-

tions comparing antibody treated vs. untreated). This suggests 

that IL-6 production by HeLa cells was triggered as a functional 

consequence of TREM-2 ligation by LOS.    

 DISCUSSION 
 Evidence is growing to support the concept that the inter-

action of gonococci with innate immune receptors plays a 

critical role in the initial response to gonococcal infection. The 

results of this study demonstrate that gonococci can interact 

with the TREM-2 member of the TREM family of receptors 

and initiate transmembrane cell signaling and cytokine pro-

duction. In contrast, a related member of the TREM fam-

ily, TREM-3, showed minimal interactions with gonococci. 

Both soluble and cell surface-expressed TREM-2A bound to 

 N. gonorrhoeae  through interactions with LOS and Opa pro-

teins, with the predominant binding to LOS. Binding of TREM-

2A to whole bacteria paralleled its binding to LOS purified 

from them, suggesting that binding to LOS accounts for the 

majority of recognition of these bacteria by TREM-2A. Surface 

plasmon resonance analyses revealed that the affinity of TREM-2A 

for the highest binding 1291 LOS was comparable to that of 

 E. coli  LPS for LPS-binding protein 30  and for the LPS-scavenging 

high-density lipoprotein. 31  

 The ligands for TREM-2 are not well characterized. A study 

by Daws  et al . 25  identified ligands for murine TREM-2 on 

both bacteria and mammalian cells and concluded that 

TREM-2 recognizes anionic ligands such as  E. coli  LPS. The 

results of our study extend those findings and provide a more 

detailed analysis of the structural features of the anionic gono-

coccal LOS molecule important for recognition by TREM-2. 

We found that lipid A acylation and not OS  � -chain structure 

is the critical determinant of TREM-2A binding to LOS. This 

was evidenced by the finding that  O -deacylation of LOS sig-
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  Figure 6        Gonococci and purified LOS engage membrane-expressed 
TREM-2A and induce transmembrane signaling. BWZ reporter cell 
constructs expressing either TREM-2A (TR-2A) or TREM-3 (TR-3) were 
used to measure  LacZ  activity as an indicator of signal transduction 
following incubation of cells with gonococci or LOS. For stimulation with 
gonococci, reporter cells were incubated with a bacteria-to-cell ratio of 
either 100:1 or 1:1. For LOS, TREM-2A-expressing reporter cells were 
treated with LOS concentrations of either 100 or 1    � g   ml     −    1 . The LOS and 
all strains of gonococci induced  LacZ  activity but to variable degrees. 
Significantly greater signaling was induced in cells expressing TREM-2A 
than in those expressing TREM-3. Statistical comparisons:  P     <    0.05 for all 
comparisons of  lacZ  activity induced by gonococci and LOS in TREM-2A-
expressing cells vs. non-transfected cells;  P     <    0.001 for the comparisons 
of  lacZ  activity induced by 1291 and F62 in TREM-2A-expressing cells 
vs. TREM-3-expressing cells. The bars represent the mean of triplicate 
data points and the error bars are  ± s.d. The results are representative 
of four independent experiments. LOS, lipooligosaccharide; TREM, 
triggering receptor expressed on myeloid cells.  

   Figure 5        Gonococci bind to TREM-2A-transfected cells to a greater degree than to TREM-3-transfected or non-transfected cells. Gonococcal strains 
1291 and F62 were fluorescently labeled and incubated with TREM-2A-expressing, TREM-3-expressing, or nonexpressing BWZ cells. Flow cytometric 
analyses were performed to assess the degree of binding to each cell type. In the panels labeled TREM-2A, the filled histograms represent TREM-2A-
expressing cells and the open histograms are nonexpressing BWZ cells. In the panel labeled TREM-3, the filled histogram is TREM-2A-expressing 
cells and the open histogram is TREM-3-expressing cells. The data are representative of three independent experiments. TREM, triggering receptor 
expressed on myeloid cells.  



234 VOLUME 1 NUMBER 3 | MAY 2008 | www.nature.com/mi

ARTICLES

nificantly reduced the binding of TREM-2A to the three strains 

tested, indicating that the lipoidal moiety of the LOS dictates 

TREM-2A binding. Heterogeneity in the structure of gonococ-

cal lipid A in terms of differences in the number of acyl groups 

(hexaacyl vs. pentaacyl) as well as in the numbers of phosphate and 

phosphoethanolamine residues contained within the lipid 

A molecules expressed by each strain likely underlies the 

variability in the binding of TREM-2A to LOS. 15,17  In contrast, 

a b

c d

  Figure 8        Human fallopian tube epithelial cells constitutively express TREM-2. Photomicrographs of human fallopian tube organ cultures stained 
immunohistochemically for the expression of TREM-2. (  a  –  c ) Sections from three different female subjects stained for TREM-2 expression. Each 
section shows the localization of TREM-2 in the apical side of the brown-stained epithelium lining the lumen with little stromal cell staining for the 
protein. Staining was patchy in distribution with groups of stained cells located adjacent to groups of unstained cells, and expression was detected 
predominantly on ciliated epithelial cells. ( d ) Negative control section incubated with non-immune goat IgG and the secondary detection antibody. No 
staining of any cell type was observed in control sections. TREM, triggering receptor expressed on myeloid cells. Original magnification  × 200 ( a  and  b ), 
 × 600 ( c ),  × 200( d ).  

  Figure 7        Human reproductive tract epithelial cells constitutively express TREM-2. Expression of TREM-2 by cultured human ectocervical, endocervical, 
vaginal, ME-180, and HeLa cells was detected by flow cytometric analyses. THP-1 cells known to express TREM-2 were stained as a positive control. 
Filled histograms represent cells stained with an anti-human TREM-2 antibody and open histograms represent cells stained with an irrelevant isotype-
matched antibody. The results are representative of four independent experiments. TREM, triggering receptor expressed on myeloid cells.  
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we observed a significant difference in the binding of TREM-

2A to 1291 and F62 LOS, both of which express a structurally 

identical OS  � -chain terminating in lacto- N -neotetraose. 32  If 

TREM-2A binding was dependent on the OS structure, one 

would anticipate similar levels of binding of TREM-2A to 

the LOS from these two strains, which was not observed. In 

addition, the binding of TREM-2A to MkC and to mutational 

variant MkC  � 1 – 5 expressing a truncated OS was similar, lend-

ing further support to the conclusion that OS structure does 

not play a significant role in TREM-2A binding. This result is 

analogous to our previous finding that structural differences in 

the OS  � -chain did not affect cell signaling mediated by TLR4, 7  

indicating that both types of pattern-recognition receptors target 

the lipid A moiety of LOS. 

 Recently, a putative soluble variant of human TREM-2 lacking 

a transmembrane domain was reported. 33  This protein could 

act as a soluble receptor for LOS and Opa on bacterial mem-

branes if produced by cells in the local environment of gono-

coccal infection. The effect of soluble TREM-2 binding to these 

molecules remains to be investigated, but we can speculate that 

it might modulate their interaction with human cells as both 

LOS and Opa function as adhesins for several epithelial cell 

receptors. 7,34 – 37  In addition, the binding of soluble TREM-2 to 

LOS and Opa may influence the binding and function of soluble 

proteins galectin-3 and mannose-binding lectin known to target 

LOS and Opa, respectively. 32,38  

 In our examination of TREM-2 expression by cell types 

relevant to the pathogenesis of gonorrhea, we found that human 

TREM-2 is constitutively expressed by genitourinary epithelial 

cells and by the fallopian tube epithelium, both of which are 

primary targets of gonococcal invasion. 12,27,28  To our knowl-

edge, this is the first report of the expression of human TREM-2 

by cells deriving from a non-myeloid lineage. Previously, cells 

of myeloid origin such as dendritic cells were the only cell types 

to express TREM-2 that were known to interact with gono-

cocci. 39,40  For the immortalized cell lines, however, it should 

be noted that they contain DNA sequences from human 

papillomaviruses, which could theoretically influence 

TREM-2 expression, 41,42  and as such they may not accurately 

represent the expression of TREM-2 on primary reproductive tract 

epithelial cells lacking papillomavirus DNA. 

 In the fallopian tube epithelium, expression of TREM-2 was 

patchy in distribution and was detected predominantly on 

ciliated cells. This expression pattern contrasts with that reported 

for the LOS-binding lectin galectin-3, which is limited in expres-

sion to non-ciliated epithelial cells of the fallopian tube. 32  The 

significance of a heterogeneous distribution in the constitutive 

expression of TREM-2 in the fallopian tube of an uninfected 

female subject is yet to be determined. As only a subset of 

epithelial cells in the fallopian tube expressed TREM-2, the data 

suggest that regional differences in TREM-2 expression may 

influence local responses to gonococcal infection. 

 We used a BWZ reporter cell-line assay to determine whether 

the binding of gonococci to TREM-2A on the surface of 

cells could initiate a transmembrane signaling event. The assay 

utilized BWZ cells containing a  lacZ  reporter gene, which 

were transfected to surface-express TREM-2 linked to a CD3 �  

cytoplasmic domain. Signaling through CD3 �  activated nuclear 

factor of activated T-cell promoter elements, which induced 

expression of the  lacZ  reporter gene. We found that engagement 

of TREM-2A by whole bacteria and LOS induced transmem-

brane signaling through the CD3 �  cytoplasmic domain resulting 

in  lacZ  gene activity. In contrast, cells transfected to surface-

express TREM-3 showed minimal  lacZ  gene activity. Although 

we did not determine directly whether the binding of bacteria or 

LOS to TREM-2A on reporter cells signaled through DAP12, we 

did obtain evidence that the ligation by LOS of human TREM-2 

expressed on HeLa cells resulted in the production of proinflam-

matory cytokine IL-6. This suggests that the ligation of TREM-2 

by gonococci mediates signal transduction through a functional 

molecular complex of DAP12 and TREM-2, which may play 

a role in the innate immune response of human reproductive 

tract epithelial cells to gonococcal infection. However, unlike 

TREM-1, which amplifies the inflammatory response to bacte-

ria through the production of proinflammatory cytokines and 

chemokines when engaged, 21,24  ligation of TREM-2 results 

in upregulation of certain receptors such as CCR7, CD40, 

and CD86 on dendritic cells 39  but inhibition of TLR receptor 

responses such as tumor necrosis factor production in macro-

phages. 43  A similar inhibitory response mediated by TREM-

2 expressed by myeloid cell types in the human genitourinary 

tract may contribute to the limited cytokine responses seen in 

uncomplicated cervical gonococcal infection. 44  Further charac-

terization of the importance of the DAP12 / TREM-2-mediated 

signal transduction pathway in both myeloid and non-myeloid 
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   Figure 9        Ligation of TREM-2 by LOS induces IL-6 production in 
HeLa cells. HeLa cells were treated with LOS from strain 1291 at 
concentrations of 10 and 100   ng   ml     −    1  for 12   h. Control wells were treated 
with culture media only. For some experiments, cells were treated with 
affinity-purified goat anti-human TREM-2 polyclonal IgG prior to addition 
of the LOS. Supernatants from the LOS-treated and untreated cells in the 
presence and absence of anti-human TREM-2 were assayed for 
IL-6 by ELISA. The bars represent the mean of quadruplicate data points 
and the error bars are  ± s.e.m. The results are representative of three 
independent experiments. Statistical comparisons:  *  P >0.1;  *  *  P     <    0.05; 
 *  *  *  P     <    0.05. ELISA, enzyme-linked immunosorbent assay; LOS, 
lipooligosaccharide; TREM, triggering receptor expressed on myeloid 
cells.  
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cell types in response to gonococcal infection will provide new 

insights into the pathogenesis of gonorrhea. 

 In conclusion, this study provides evidence that TREM-2 

can function as a pattern-recognition receptor in the induc-

tion of the innate immune response to gonococci. Because of 

its constitutive expression on epithelial cells that are the target of 

gonococcal invasion, and its affinity for gonococcal outer mem-

brane components LOS and Opa required for efficient inva-

sion, TREM-2 is likely to play some role in the pathogenesis of 

gonococcal infection.   

 METHODS     
  Bacterial strains and LOS   .   Six strains of  N. gonorrhoeae  (F62, 1291, 
GC56, and MS11 mk  LOS variants C (MkC), A (MkA), and MkC  � 1 – 5) 
were studied and have been described previously. 7,32,45  MkC  � 1 – 5 is 
an isogenic mutant of MkC expressing LOS containing a truncated 
OS  � -chain. 45  LOS was isolated by hot phenol extraction and outer 
membrane complexes containing both LOS and proteins were 
prepared as described previously. 46,47  For some experiments, LOS 
was  O -deacylated with anhydrous hydrazine as reported previously, 48  
which removes the  O -linked  � -hydroxylaurate acyl chains of lipid A 
while leaving the two  N -linked  � -hydroxymyristate chains intact. The 
OS structures of the LOS  � -chains have been determined previously 
and are shown in  Table 1 ; none of the strains for which the struc-
tures are known express  � -chain. 32,45  All strains were maintained for 
expression of the Opa protein by using a dissecting microscope and 
standard selection criteria, and expression was confirmed by electro-
phoretic and immunoblotting analyses of whole-cell lysates as described 
previously. 49    

  Cell lines   .   Cervical carcinoma cell lines ME-180 and HeLa, monocytic 
cell line THP-1, and three HPV16 / E6E7 immortalized reproductive tract 
epithelial cell lines, endocervical End1 / E6E7, ectocervical Ect1 / E6E7, 
and vaginal Vk2 / E6E7, were obtained from the American Type Culture 
Collection (Manassas, VA) and have been characterized previously. 7,10,12  
The E6E7 cell lines were maintained in keratinocyte serum-free 
medium (Invitrogen, Carlsbad, CA) supplemented with 0.05   mg   ml     −    1  
bovine pancreatic extract, 0.1   ng   ml     −    1  recombinant human epidermal 
growth factor, and 0.44    � g   ml     −    1  CaCl 2 . ME-180 and THP-1 cells were 
cultured in McCoy ’ s 5A medium and RPMI-1640, respectively, contain-
ing 10 %  fetal bovine serum. HeLa cells were cultured in Eagle ’ s minimum 
essential medium supplemented with 10 %  fetal bovine serum, 0.1   m M  
non-essential amino acids, 0.1   m M  HEPES, and 2   m M L -glutamine. 
The mouse T-cell lymphoma cell line BWZ.36 (BWZ) was kindly 
provided by N. Shastri (University of California, Berkeley, CA). This line 
does not express endogenous TREM receptors. 25  BWZ cells were 
cultured in RPMI medium containing 5 %  fetal bovine serum, 25    �  M  
2-mercaptoethanol, and 2   m M  glutamine.   

  Production of soluble TREM-2A and TREM-3 and expression on 
BWZ cells   .   Murine TREM-2A and TREM-3 were produced as fusion 
proteins with the human IgG1 Fc domain in 293T cells and purified 
from conditioned medium using protein G affinity chromatography as 
described previously. 25  For expression of TREM-2A and TREM-3 on 
BWZ cells, a vector was constructed containing a CD8 leader sequence 
and FLAG tag, and downstream of this, a CD8 transmembrane domain 
and the CD3 �  cytoplasmic domain as reported previously. 25  The cDNA 
encoding amino acids 19 – 171 of TREM-2A and amino acids 20 – 135 of 
TREM-3 were cloned between the FLAG tag and CD8 transmembrane 
domain. BWZ cells were transfected by electroporation and selected with 
0.75   mg   ml     −    1  zeocin. Expression of TREM-2A and TREM-3 on BWZ 
cells was confirmed by flow cytometry using affinity-purified rabbit anti-
FLAG antibody (Sigma-Aldrich, St Louis, MO).   

  Whole-bacteria ELISA   .   TREM-2A and TREM-3 binding to whole 
bacteria as well as TREM-2A binding to LOS was investigated using 
a series of ELISA assays. In addition, the binding of human IgG Fc 
fragments (Bethyl Laboratories, Montgomery, TX) to whole bacteria 
was determined as a control for the binding of the IgG Fc portion of the 
TREM-2A and TREM-3 fusion proteins to bacteria. Microtiter wells 
were coated overnight with either 75    � l of a suspension of bacteria of 
absorbance 0.1 at 650   nm or 75    � l of 25    � g   ml     −    1  LOS. The wells were then 
blocked with 1 %  bovine serum albumin-Tris-buffered saline (BSA-TBS) 
and incubated with 75    � l of 1    � g   ml     −    1  of TREM-2A, TREM-3, or IgG Fc 
fragments. The binding of TREM-2A, TREM-3, and IgG Fc fragments was 
detected with anti-human IgG Fc antibody conjugated with alkaline phos-
phatase (Sigma-Aldrich) and  p -nitro-phenyl phosphate substrate, and the 
absorbance was read at 405   nm with a MAXline microplate reader.   

  Far-western and dot blots   .   For far-western analyses, the proteins and 
LOS in purified gonococcal outer membrane complexes were separated 
by 12 %  sodium dodecyl sulfate-polyacrylamide gel electrophoresis, elec-
troblotted to nitrocellulose, and blocked in 1 %  BSA-TBS as described 
previously. 38  The membranes were then incubated with 1    � g   ml     −    1  of 
TREM-2A or TREM-3 and binding was detected with anti-human IgG 
Fc antibody conjugated with alkaline phosphatase followed by a substrate 
solution of 50   m M  Tris-HCl (pH 8.0), 0.1 %  Naphthol AS-MX phosphate 
disodium salt, and 0.2 %  fast red TR salt. The identity of LOS was deter-
mined with the use of LOS MAb 1B2, which binds to LOS expressing a 
terminal lacto- N -neotetraose (Gal � 1-4GlcNAc � 1-3Gal � 1-4Glc) struc-
ture, 50  and that of Opa proteins was determined with the use of Opa 
MAb B33, which reacts with all Opa protein variants. 49  For dot blots, 
LOS was spotted onto Hybond nitrocellulose membranes, which were 
then blocked with 1 ×  DIG Block buffer (Roche, Indianapolis, IN) con-
taining 0.1 %  Tween and incubated with 1    � g   ml     −    1  TREM-2A. Binding 
of TREM-2A to LOS on the membranes was detected as described for 
the far-western blots.   

  Surface plasmon resonance studies   .   Surface plasmon resonance 
analyses were performed on a Biacore 3,000 system using CM5 sensor 
chips (Biacore, Piscataway, NJ), as described previously. 51  TREM-2A 
and TREM-3 were diluted in 10   m M  sodium acetate buffer at pH 4.5 
to a final concentration of 10    � g   ml     −    1  and immobilized on the surface 
of the chip using the amine coupling method. The carboxyl groups on 
the sensor surfaces were activated with a mixture of 0.2    M   N -ethyl- N  � -
(3-diethylamino-propyl) carbodiimide and 0.05    M   N -hydroxysuccini-
mide, and the protein was coupled under the continuous flow of HBS-EP 
buffer (10   m M  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid with 
0.15    M  NaCl, 3.4   m M  EDTA, and 0.005 %  surfactant P20, pH 7.4). A flow 
cell containing an unmodified dextran surface treated with  N -ethyl-
 N  � -(3-diethylamino-propyl) carbodiimide and  N -hydroxysuccinimide 
and not exposed to the coupling protein served as the control flow cell 
surface for each chip. Residual reactive groups were blocked with 1.0    M  
ethanolamine hydrochloride at pH 8.5 in both control and test flow cell 
surfaces. Immobilization levels of 540 and 330 resonance units were 
achieved for TREM-2A and TREM-3, respectively. 

 For kinetic binding determinations, 1291 LOS was diluted in HBS-EP 
buffer to give a series of increasing concentrations, injected over the test 
and control flow cell surfaces at 10    � l   min     −    1  for 1,500   s, and then dissoci-
ated from TREM-2A and TREM-3 by washing with buffer alone. Chip 
surfaces were regenerated with 100   s injections of 0.05 %  SDS. For some 
experiments, equimolar concentrations of 1291 LOS and soluble TREM-
2A were incubated for 30   min prior to injection over the TREM-2A and 
control flow cell surfaces. 

 Data transformation and overlay plots were prepared with BIA evalua-
tion software (version 3.1). Binding signals were corrected for nonspecific 
binding by subtracting the signal of the control flow cell. The affinities 
of the binding interactions between TREM-2A, TREM-3, and 1291 
LOS were calculated by using the 1:1 Langmuir binding model in the 
BIAevaluation software.   
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  Flow cytometry   .   For studies of bacterial binding to BWZ cells expressing 
TREM-2A or TREM-3, gonococci were labeled with CellTrace Far Red 
DDAO-SE (Invitrogen) and incubated with cells at a bacteria-to-cell ratio 
of 20:1. After removal of unbound bacteria by washing, bacterial binding 
to cells was detected by analyzing cells for associated fluorescence using a 
FACScan flow cytometer. For flow cytometric analyses of the membrane 
expression of human TREM-2 by all cell lines except HeLa, 5 × 10 5  cells 
were incubated for 60   min on ice with 1.5    � g   ml     −    1  of anti-human TREM-
2 MAb (R & D Systems, Minneapolis, MN) in a total volume of 100    � l of 
phosphate-buffered saline (PBS) containing 0.1 %  BSA. After two washes 
with PBS / BSA, the cells were incubated for 30   min on ice with 1    � g of 
fluorescein isothiocyanate-conjugated rat anti-mouse IgG (eBioscience, 
San Diego, CA) in a total volume of 100    � l of PBS containing 0.1 %  BSA. 
The cells were washed twice with PBS / BSA, fixed with 3.7 %  glutaralde-
hyde, and analyzed by flow cytometry. In controls, the cells were incu-
bated with an irrelevant mouse IgG 2B  isotype immunoglobulin (R & D 
Systems). For HeLa cells, membrane expression of TREM-2 was detected 
as above using affinity-purified goat anti-human TREM-2 polyclonal IgG 
and phycoerythrin-conjugated donkey anti-goat IgG (R & D Systems).   

  Reporter cell assay   .   The BWZ cell line was derived from BW5147T 
cells and contained a  lacZ  reporter gene as described previously. 52  The 
cells were transfected to surface-express TREM-2A or TREM-3 linked 
to a CD3 �  cytoplasmic domain. Signaling through CD3 �  activated four 
nuclear factor of activated T-cell promoter elements, which induced 
expression of the  lacZ  reporter gene. For the assay, non-transfected BWZ 
cells or BWZ cells transfected with either TREM-2A or TREM-3 were 
seeded in 96-well plates at 1 × 10 5  cells per well in media supplemented 
with 10   ng   ml     −    1  phorbol 12-myristate 13-acetate. For stimulation with 
gonococci, reporter cells were incubated with gonococci at a bacteria-to-
cell ratio of either 1:1 or 100:1. For LOS, TREM-2A-expressing reporter 
cells were treated with LOS concentrations of either 1 or 100    � g   ml     −    1 . 
Plates were then incubated for 16   h at 37 ° C in 5 %  CO 2 . Cells were washed 
once in PBS and  lacZ  activity was determined by incubating the cells with 
150    �  M  chlorophenol red- � - D -galactopyranoside in PBS supplemented 
with 100   m M  2-mercaptoethanol, 9   m M  MgCl 2 , and 0.125 %  Nonidet 
P-40. After sufficient color development, absorbance was measured at 
595   nm and corrected for background absorbance at 650   nm. Following 
subtraction of the absorbance of wells treated with phorbol 12-myristate 
13-acetate alone, values were calculated as the fold increase in  lacZ  acti-
vity in TREM-2A- or TREM-3-expressing cells treated with either gono-
cocci or LOS as compared with non-transfected cells treated similarly.   

  Immunohistochemistry   .   Fallopian tube tissue was obtained from women 
undergoing elective hysterectomies as described previously. 53  The fal-
lopian tubes were cleaned of adventitial tissue, cut into 2   mm 2  square 
pieces, and incubated overnight in minimum essential medium / F-12 
supplemented with 10 %  fetal bovine serum. The tissues were placed 
on a 10 %  formalin-soaked sponge, fixed in formalin, and processed for 
paraffin embedding and sectioning. The tissue was sectioned to 3    � m, 
deparaffinized in SafeClear II, and rehydrated in 100, 95, and 70 %  ethyl 
alcohol followed by a 2   min wash in distilled H 2 O. The slides contain-
ing tissue were incubated in methanol containing 3 %  H 2 O 2  for 30   min. 
Following fixation, the slides were rinsed in PBS (pH 7.4), placed in 
sodium citrate buffer (10   m M ) containing 0.05 %  Tween 20, pH 6.0, and 
heated in a microwave oven for 3   min at low power setting. The solu-
tion was allowed to cool for 1   min and then microwaved for an addi-
tional 3   min. The solution containing the slides was allowed to cool 
for 15   min to return to ambient temperature. The slides were rinsed 
twice in distilled water and then washed twice in PBS for 5   min each. 
TREM-2 staining was carried out using the Cell and Tissue HRP-DAB 
staining system according to the recommendation of the manufacturer 
(R & D Systems). Sections were incubated with 20    � g   ml     −    1  of affin-
ity-purified goat anti-human TREM-2 polyclonal IgG (R & D Systems) 
for 60   min at room temperature, rinsed, and then incubated with the 
biotinylated secondary antibody for 40   min. After rinsing, sections were 

incubated with streptavidin-conjugated horseradish peroxidase for 30   min 
followed by substrate development with diaminobenzidine. Stained sections 
were counterstained with hematoxylin for 75   s, mounted with Permount, 
coversliped, and allowed to dry overnight prior to observation. Negative-
control slides were incubated with non-immune goat IgG (R & D Systems). 
This research was approved by the Springfield Committee for Research 
Involving Human Subjects.   

  IL-6 ELISA   .   HeLa cells were seeded in 24-well plates at a concentration of 
1 × 10 5  cells per well and incubated to confluency. Cells were treated with 
LOS from strain 1291 at concentrations of 10 and 100   ng   ml     −    1  for 12   h 
at 37 ° C. Control wells were treated with culture media only. For some 
experiments, cells were treated with 100    � l of affinity-purified goat anti-
human TREM-2 polyclonal IgG (R & D Systems) at a concentration of 
2.5    � g   ml     −    1  for 30   min at 4 ° C prior to addition of the LOS. Supernatants 
from the LOS-treated and untreated cells were assayed for IL-6 using an 
IL-6 ELISA kit as recommended by the manufacturer (eBioscience).   

  Statistical analysis   .   Groups of data were analyzed by the Tukey test 
for multiple pairwise comparisons. Values of  P     <    0.05 were considered 
significant for all comparisons.       
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