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TRIF is an adaptor molecule important in transducing signals from intracellularly signaling Toll-like receptor 3 (TLR3) and
TLR4. Recently, TLR2 was found to signal from intracellular compartments. Using a synthetic ligand for TLR2/1 heterodimers,
as well as Borrelia burgdorferi, which is a strong activator of TLR2/1, we found that TLR2 signaling can utilize TRIF. Unlike TRIF
signaling by other TLRs, TLR2-mediated TRIF signaling is dependent on the presence of another adaptor molecule, MyD88.
However, unlike MyD88 deficiency, TRIF deficiency does not result in diminished control of infection with B. burgdorferi in a
murine model of disease. This appears to be due to the effects of MyD88 on phagocytosis via scavenger receptors, such as
MARCO, which are not affected by the loss of TRIF. In mice, TRIF deficiency did have an effect on the production of inflamma-
tory cytokines, suggesting that regulation of inflammatory cytokines and control of bacterial growth may be uncoupled, in part
through transduction of TLR2 signaling through TRIF.

Innate immunity plays an important role in early responses to
microbial invaders through recognition of conserved molecular

patterns by receptors, such as those of the Toll-like receptor (TLR)
family. Innate immune responses to Borrelia burgdorferi, the caus-
ative agent of Lyme disease, have been shown to be mediated by
multiple TLR receptors, including TLR2/1 heterodimers, TLR5,
TLR7, TLR8, and TLR9 (1–7). All of these TLRs are thought to
utilize the adaptor molecule myeloid differentiation primary re-
sponse 88 (MyD88). TLR2 responses to B. burgdorferi have been
the most extensively studied as B. burgdorferi express a large num-
ber of triacylated lipoproteins that activate TLR2/1 heterodimers
(1, 2, 5, 7–10). In murine models, loss of TLR2 or MyD88 results in
a greatly increased replication of the organism and up to several
hundredfold increases in tissue numbers of bacteria (6, 11, 12).

TIR-domain-containing adaptor-inducing beta interferon
(TRIF) is another adaptor molecule used by some intracellularly
signaling TLRs—specifically TLR3 and TLR4 (13). While TLR3
utilizes TRIF exclusively, TLR4 utilizes MyD88 to signal from its
plasma membrane location and TRIF to signal from endosomal
compartments. TRIF is thought to mediate induction of type I
interferons, whereas activation of MyD88 is more closely related
to release of inflammatory cytokines such as tumor necrosis factor
alpha (TNF-�), interleukin-12 (IL-12), and IL-6 (13, 14).

Although a very early study reported a relationship between
TLR2 and TRIF, subsequent studies did not confirm this, and the
general consensus has been that TLR2 does not utilize TRIF as an
adaptor molecule (15–17). This viewpoint has been bolstered by
the fact that signaling through TLR2 has not been closely associ-
ated with induction of type I interferons and that TLR2 has long
been felt to signal exclusively from the plasma membrane (14, 18,
19). In addition, the complete abrogation of activation of inflam-
matory signaling in the absence of MyD88 implied that TLR2 did
not activate a MyD88-independent pathway for signaling (19, 20).
However, more recently, multiple studies have shown that TLR2 is
present in intracellular compartments and is involved in signaling
from these compartments (3, 21–26). Stimulation with TLR2 spe-
cific lipopeptides was shown to lead to the activation of type I

interferons and proinflammatory cytokines, such as IL-6, whose
activation and release was dependent on endosomal acidification
(23, 26). Localization of TLR2 signaling thus appears to shape
downstream induction of cytokines, with TLR2-induced activa-
tion of type I interferons taking place solely from intracellular
compartments.

Studies from our group and others have shown that internal-
ization of B. burgdorferi is important for activating inflammatory
cellular responses and, in particular, those mediated by TLR2 (1,
2, 23, 27–29). The recent findings that TLR2 can signal from in-
tracellular compartments and can induce type I interferon pro-
duction, coupled with the fact that TRIF is a major adaptor for
signaling from intracellular compartments for other TLRs, led us
to reexamine the role of TRIF in mediating TLR2 signals. Here, we
show that TLR2 can utilize the TRIF adaptor from intracellular
compartments. TLR2/TRIF signaling was fully dependent on the
presence of MyD88, with no residual signaling in MyD88-defi-
cient cells, suggesting an as-yet-unrecognized component of the
TRIF pathway which depends either directly or indirectly on
MyD88 activation. We show that TRIF is not involved in the con-
trol of bacterial loads in vivo, but it does play a role in controlling
both inflammatory and anti-inflammatory cytokines.

MATERIALS AND METHODS
Mouse and bacterial strains. MyD88- and TRIF-deficient mice (devel-
oped by S. Akira) were backcrossed to the C57BL/6 background for six
generations (16, 30) and were subsequently crossbred to generate the
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double knockout line and reestablish the wild-type and the single knock-
out lines by breeding with a pure C57BL/6 background mouse (Jackson
Laboratories). TLR2 deficient mice were obtained from Jackson Labora-
tories. MARCO-deficient mice on a BALB/c background were derived as
previously described (31). All mice were housed in specific-pathogen-free
rooms according to institutional guidelines for humane care and use of
laboratory animals.

An infectious clone of B. burgdorferi strain B31 (5A11) (32) was used
for all infection studies in mice and were cultured in Barbour-Stoenner-
Kelley (BSK)-H (Sigma, St. Louis, MO) complete media at 33°C to early
stationary phase, and the cell density was determined by using a Petroff-
Hauser counting chamber. Clonal isolates of infectious, low-passage B.
burgdorferi sensu stricto (strain N40, clone D10E9) were cultured as de-
scribed previously (23), and used at multiplicity of infection (MOI) of
10:1 in in vitro experiments.

Ligands and inhibitors. The TLR2 ligand Pam3CSK4 was purchased
from Invivogen and resuspended to a concentration of 1 mg/ml in endo-
toxin-free water. The purity of the ligand from contaminants that may
activate other receptors was subsequently tested by stimulating TLR2-
deficient cells and measuring secretion of cytokines and activation of type
I interferons as described below. There was no increase in cytokine or type
I interferon expression of TLR2 knockout cells when stimulated with
Pam3CSK4.

Generation of BMDM. Bone marrow-derived macrophages (BMDM)
were generated as previously described (33). Bone marrow cells were
flushed from mouse femurs and tibiae with sterile Dulbecco modified
Eagle medium (DMEM) and cultured on plastic petri dishes (100 mm by
15 mm) for 5 to 7 days in DMEM supplemented with 30% L929 cell
conditioned medium, 20% fetal bovine serum (FBS), and 1% penicillin-
streptomycin.

Infection of BMDM cultures. B. burgdorferi were washed three times
with DMEM with 10% FBS, counted, and resuspended in the same me-
dium. Medium from BMDM was removed and replaced with the same
medium containing B. burgdorferi at MOIs of 10 in the presence of poly-
myxin B (Sigma) at 50 �g/ml to ensure no endotoxin contamination.
Cells were harvested at various time points by collecting the cell culture
supernatant and then adding TRIzol (Invitrogen) to the remaining cells.

Mouse infections. Mouse infection protocols were reviewed and ap-
proved by the Institutional Animal Care and Use Committee at the Har-
vard School of Public Health, Tufts University, and Ohio State University.
Sex- and age-matched wild-type and knockout mice were infected at 3 to
12 weeks of age with a dose of 105 spirochetes by subcutaneous inocula-
tion. B. burgdorferi infection was confirmed by serology and by culturing
(in BSK-H complete medium containing 20 �g of phosphomycin/ml, 50
�g of rifampin/ml, and 2.5 �g of amphotericin B/ml) of live spirochetes
from skin, heart, and joint. At the time of necropsy, the tissue samples of
skin, heart, joint, and bladder were immediately frozen in liquid nitrogen
and stored at �80°C for RNA and/or DNA extraction at a later time.

ELISA measurements. Supernatants were collected from BMDM cul-
tures at 6 and 16 h poststimulation. Cytokines were measured by enzyme-
linked immunosorbent assay (ELISA) using the IL-10 (R&D Systems) and
IL-6 (e-Bioscience) kits according to the manufacturer’s instructions.

Microscopy. B. burgdorferi phagocytosis experiments were performed
and stained as previously described (23). Coverslips were examined using
a Zeiss Axiolan 2 microscope. Images were captured with a digital charge-
coupled device camera (Hamamatsu). Images were merged using Voloc-
ity software (Improvision, Inc.). The percent internalized bacteria was
determined by dividing the number of macrophages with at least one
internalized (red) bacterium by the total number of macrophages in the
view field determined by DAPI (4=,6=-diamidino-2-phenylindole) stain-
ing. Lysosomal marker antibody against Lamp-1 was obtained from the
hybridoma facility at the Iowa State University. Anti-B. burgdorferi anti-
body was kindly provided by Allen Steere.

RNA purification and cDNA synthesis. Mouse joint tissues were pul-
verized in TRIzol using the Precellys lysing kit containing metal beads

(Precellys). RNA was extracted from BMDM cells and mouse tissues using
TRIzol (Invitrogen) according to the manufacturer’s instructions. Con-
taminating DNA was removed using the Turbo DNA-free kit (Roche) or
by RNase-free DNase I (Invitrogen) digestion, followed by further puri-
fication on RNeasy columns (Qiagen). Quality of the RNA was checked by
the examination of RNA integrity on formamide gels and by 5=-3= analy-
sis. cDNA was synthesized from 1 �g of RNA measured by spectropho-
tometer using a ImPromII kit (Promega) according to the manufacturer’s
instructions. The absence of DNA contamination in the RNA samples was
verified either by the use of no-RT controls or by using primer-spanning
introns.

DNA purification. Concomitant DNA purification from the TRIzol
extraction of mouse joint samples was carried out according to the man-
ufacturer’s instructions and further purified on DNeasy columns (Qia-
gen).

Real-time quantitative (qPCR) analysis. Quantification of target
genes from cDNA or total DNA was performed either using the iQ SYBR
green Supermix 2� (Bio-Rad) or the TaqMan Universal PCR Master Mix
(Applied Biosystems). Each primer was added to a final concentration to
0.4 �M. Cycling parameters for SYBR green-based reactions were 95°C
for 15 min, 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s,
followed by 95°C for 1 min and 55°C for 1 min. Melting curve analysis for
purity was performed on each sample by performing 80 cycles of increas-
ing temperature for 10 s, each beginning at 55°C. Primers used in qPCR
analysis of murine irf7, il-6, il-10, and ifn-� universal primers; cxcl10, ifit1,
and �-actin were as previously described (33, 34). All samples for each
biological replicate were run in duplicates and checked for intra-run vari-
ation and, if needed, analyzed again. Different genes/transcripts were an-
alyzed in the same run to avoid inter-run variations. �-Actin was analyzed
for every run for all samples tested, as a positive control and inter-run
calibrator, by inclusion of a standard sample in each run. Cytokine and
�-actin gene expression was normalized from cDNA using the ��CT

method, where the amount of target, normalized to an endogenous refer-
ence and relative to a calibrator, is given by 2���CT, where CT is the cycle
number of the detection threshold. All analyses and calculations were
performed using the iCycler software.

TaqMan probe-based qPCR analyses of B. burgdorferi flaB gene and
mouse beta-actin gene were carried out as described previously (35). Serial
dilutions of a standard were included in every plate to establish a standard
curve, which was used calculate the gene copy number of an unknown
sample from the threshold cycle number.

Statistics. For ELISA and qPCR, the mean percentage of cytokine
expression relative to the control is reported, with statistical significance
determined by Mann-Whitney U analysis.

RESULTS
TLR2-mediated induction of inflammatory responses utilizes
MyD88 and TRIF. Although it has been shown that TLR2 signals
from the endosome (3, 21, 23–26), it is unclear how the molecular
TLR2 signaling complex at the endosome differs from the one at
the cell surface. TRIF had long been thought not to be involved in
transduction of signals from TLR2. However, since the recent dis-
covery of TRIF’s role in intracellular TLR4 signaling (14) and the
reports of TLR2 signaling from the endosome, some groups have
begun to reexamine the role of TRIF in TLR2 signaling (36).

In our studies, we used a synthetic lipopeptide, Pam3CSK4, a
TLR2/1 heterodimer ligand to specifically address the role of TRIF
in TLR2 signaling. To investigate the role of TRIF and TLR2 in a
bacterial model, we chose Borrelia burgdorferi, a pathogen that has
a large number of TLR2 lipoprotein ligands and signals for proin-
flammatory cytokines primarily via TLR2. Maximal release of
proinflammatory cytokines in response to B. burgdorferi has been
shown to require phagocytosis, processing of the organism, and
signaling from acidified endosomal compartments (1, 12, 23, 27–
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29). B. burgdorferi is not known to express any ligands for the
known TRIF utilizing TLRs (TLR3 and TLR4), and TLR2 signal-
ing has been shown to be the major contributor to induction of
proinflammatory cytokines in response to the organism (1, 23).
Indeed, when we stimulated TLR2-deficient cells with B. burgdor-
feri at an MOI of 10, we observed a significant decrease in the
expression of inflammatory cytokines, including type I interfer-
ons (Fig. 1A).

To address the role of TRIF in Pam3CSK4 and B. burgdorferi
signaling, we stimulated BMDM from wild-type, TRIF-, MyD88-,
or TRIF/MyD88-deficient mice with B. burgdorferi at an MOI of
10 and Pam3CSK4 at 1 �g/ml. We measured secretion of IL-6,
TNF-� at 6 h, and IL-10 at 16 h by ELISA (Fig. 1B, C, and D). The
purity of the TLR2 synthetic ligand against lipopolysaccharide
(LPS) or other contamination was confirmed by stimulating
TLR2-deficient BMDM with Pam3CSK4 and showing a lack of
proinflammatory and type I interferon induction (Fig. 1A), and all
stimulations with ligands were performed in the presence of poly-
myxin B. To ensure our TRIF-deficient cells behaved as expected,
we stimulated cells with LPS at 5 ng/ml and poly(I·C) at 10 �g/ml,
both of which utilize the TRIF pathway (Fig. 1B). Our results show
that there was a significant decrease in all inflammatory mediators
tested in the TRIF-deficient cells in response to Pam3CSK4 and B.
burgdorferi (Fig. 1C and D). Interestingly, MyD88-deficient cells
showed no secretion or activation of inflammatory mediators in
response to Pam3CSK4, suggesting that all Pam3CSK4/TLR2 sig-
naling relied on MyD88 and thus TRIF signaling was also depen-
dent on MyD88 (Fig. 1C).

B. burgdorferi induces TLR2-dependent type I interferons
via both MyD88 and TRIF. Recently, TLR2 signaling from the en-
dosome has been implicated in the activation of type I interferon
responses (3, 21, 23, 26). B. burgdorferi has also been shown by several
groups to elicit type I interferon activation (2–4, 23, 37, 38). To de-
termine whether TRIF plays a role in this process, we stimulated wild-
type, TRIF-deficient, MyD88-deficient, and TRIF/MyD88 doubly
deficient cells with Pam3CSK4 at 1 �g/ml (Fig. 2A) and B. burgdorferi
at an MOI of 10 (Fig. 2B).

The induction levels for the type I interferons ifn-� and ifn-�
were assessed by RT-qPCR at 6 and 16 h postinfection, respec-
tively, and TRIF pathway-associated transcripts cxcl10 and ifit-1
were also assessed by RT-qPCR at 6 h. We observed a reduction in
the secretion and activation of these inflammatory mediators in
TRIF-deficient BMDM in response to both stimuli, showing that
TRIF is involved in type I interferon activation downstream of
Pam3CSK4/TLR2 and B. burgdorferi. Similar to what we observed
for the secretion of other inflammatory mediators (Fig. 1), the
reduction in activation in TRIF deficient cells was partial, in con-
trast to type I interferon activation downstream of LPS signaling
in TRIF-deficient cells (Fig. 2C).

To determine whether TRIF utilizes interferon regulatory fac-
tors (IRFs) to activate type I interferons downstream of TLR2
signaling, we evaluated expression levels of interferon regulatory
factor 7 (IRF7), shown to be important in the activation of type I
interferons upon TLR2 ligand stimulation (26) (Fig. 2D). Induc-
tion of IRF7 was dramatically decreased in TRIF-deficient cells
upon Pam3CSK4 and B. burgdorferi stimulation, suggesting that
type I interferon induction downstream of IRF7 was regulated by
TRIF.

TRIF deficiency does not have a significant effect on control
of B. burgdorferi infection. To address the role of TRIF in B.

burgdorferi infection in vivo, wild-type C57BL/6 and TRIF-defi-
cient mice were subcutaneously infected with the spirochetes.
Mice were sacrificed at 3 weeks postinfection, and we measured
the spirochete burden in joint tissue by qPCR, which is shown as
copies of the B. burgdorferi flaB gene per 1,000 copies of mouse

FIG 1 TRIF mediates TLR2 proinflammatory signaling. (A) BMDM isolated
from wild-type (WT) and TLR2-deficient mice (TLR2�/�) were stimulated
with 1 �g of Pam3CSK4/ml or B. burgdorferi at MOI of 10, in the presence of
polymyxin B for 6 h. Expression of ifn-�, tnf-�, cxcl10, and il6 was measured by
RT-qPCR. Values represent mean induction of expression relative to control
cells. (B) BMDM isolated from wild-type (WT) and TRIF-deficient mice
(TRIF�/�) were stimulated with 1 �g of Pam3CSK4/ml, 10 �g of poly(I·C)/ml
and 5 ng of LPS/ml for 6 h. Except for LPS, stimulations were performed in the
presence of polymyxin B. Values represent mean secretion of IL-6 in deficient
BMDM relative to wild-type cells measured by ELISA. For IL-6, wild-type cells
stimulated with Pam3CSK4 secreted a mean of 2.52 ng/ml, TRIF-deficient cells
secreted a mean of 0.47 ng/ml. Wild-type cells stimulated with poly(I·C) se-
creted a mean of 1.3 ng of IL-6/ml, whereas TRIF-deficient cells secreted no
detectable (ND) levels. Wild-type cells stimulated with LPS secreted a mean of
7.08 ng of IL-6/ml, while TRIF-deficient cells secreted a mean of 0.56 ng/ml. *,
P � 0.05 by Mann-Whitney U. (C) BMDM isolated from wild-type (WT),
MyD88-deficient mice (MyD88), TRIF-deficient mice (TRIF), and MyD88
and TRIF doubly deficient mice (DKO) were stimulated with Pam3CSK4 at 1
�g/ml. For IL-6, measured by ELISA at 6 h postinfection, wild-type cells se-
creted a mean of 2.52 ng/ml, MyD88-deficient cells had undetectable levels
(ND), TRIF-deficient cells secreted a mean of 0.47 ng/ml and DKO cells had
undetectable levels. *, P � 0.05 by Mann-Whitney U. For TNF-�, measured by
ELISA at 6 h postinfection, wild-type cells secreted a mean of 1.87 ng/ml,
MyD88-deficient cells and DKO-deficient cells had no detectable levels, and
TRIF-deficient cells secreted a mean of 0.8 ng/ml. *, P � 0.05 by Mann-Whit-
ney U. For IL-10, measured by ELISA at 16 h postinfection, wild-type cells
secreted a mean of 0.99 ng/ml, MyD88-deficient cells, and DKO-deficient cells
had no detectable levels and TRIF-deficient cells secreted a mean of 0.61 ng/ml.
*, P � 0.05 by Mann-Whitney U. (D) BMDM isolated from wild-type (WT),
MyD88-deficient mice (MyD88), TRIF-deficient mice (TRIF) and MyD88 and
TRIF doubly deficient mice (DKO) were stimulated with B. burgdorferi at an
MOI of 10. For IL-6, measured by ELISA at 6 h postinfection, wild-type cells
secreted a mean of 2.64 ng/ml, MyD88- and DKO-deficient cells had no de-
tectable (ND) levels, TRIF-deficient cells secreted a mean of 0.99 ng/ml. *, P �
0.05 by Mann-Whitney U. For TNF-�, measured by ELISA at 6 h postinfec-
tion, wild-type cells secreted a mean of 1.81 ng/ml, MyD88-deficient cells and
DKO-deficient cells had no detectable levels and TRIF-deficient cells secreted
a mean of 0.98 ng/ml. *, P � 0.05 by Mann-Whitney U. For IL-10, measured by
ELISA at 16 h postinfection, wild-type cells secreted a mean of 1.28 ng/ml,
MyD88-deficient cells a mean of 0.39 ng/ml, DKO-deficient cells a mean of
0.19 ng/ml, and TRIF-deficient cells secreted a mean of 0.3 ng/ml. *, P � 0.05
by Mann-Whitney U.
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�-actin (Fig. 3A). Our analysis showed no significant difference in
the bacterial load of TRIF-deficient mice in comparison to the
wild type. This suggests that TRIF, unlike MyD88, does not play a
major role in control of B. burgdorferi infection.

Role of TRIF in phagocytosis. One possible explanation for
the difference observed between TRIF- and MyD88-deficient
mice in the control of infection is through the effect each molecule
has on phagocytosis. MyD88 has previously been reported to play
a role in phagocytosis of multiple bacteria, including B. burgdorferi
(1, 11, 12, 39). We found that TRIF-deficient BMDM do not show
a significant decrease in B. burgdorferi phagocytosis compared to
the wild type (Fig. 3B and C). This suggests that one possible
explanation for the difference in bacterial load observed in
MyD88-deficient mice, but not in TRIF-deficient mice, is due to
their differential effect on B. burgdorferi phagocytosis.

Effect of scavenger receptor MARCO on phagocytosis of B.
burgdorferi. To further explore the differential effect in phagocy-
tosis of B. burgdorferi in TRIF- and MyD88-deficient cells, we

examined specific receptors involved in phagocytosis. We first ex-
amined the effects of B. burgdorferi infection on the expression of
different scavenger receptors from BMDM, type A (SR-A), type B
(SR-B), and macrophage receptor with collagenous structure
(MARCO). Of the tested scavenger receptors, MARCO showed
the greatest induction after incubation with B. burgdorferi
(Fig. 4A). To determine whether MARCO might have a role in
phagocytosis of B. burgdorferi, we examined phagocytosis by wild-
type and MARCO-deficient BMDM. MARCO-deficient BMDM
were significantly impaired in their ability to internalize B. burg-
dorferi at 60 min (Fig. 4B and C). In vitro, MARCO expression
from TRIF-deficient cells measured by real-time RT-qPCR was
decreased approximately 50% in comparison to the wild type after
the addition of B. burgdorferi (Fig. 4D). In contrast, MARCO ex-
pression in MyD88-deficient cells was nearly undetectable in both
B. burgdorferi stimulated and unstimulated cells. This was paral-
leled with expression of MARCO in vivo (Fig. 4E). In the joints of
TRIF-deficient mice there was no observable difference with
MARCO expression in wild-type mouse joints, as opposed to
MyD88-deficient mice where MARCO expression was signifi-
cantly reduced. Given the role of MARCO in phagocytosis of B.
burgdorferi, the effects of TRIF and MyD88 deficiency in vivo are
consistent with the bacterial numbers seen in these knockout mice
compared to the wild type.

TRIF deficiency leads to an altered cytokine profile in re-
sponse to B. burgdorferi infection in vivo. Because our TRIF
knockout mice were on a C57BL/6 background, which is resistant
to the development of arthritis and carditis, we could not measure
the histological or phenotypic changes at these sites. However,
previous studies have shown that C57BL/6 mice still have in-
creased levels of proinflammatory cytokines in their joints after B.
burgdorferi infection (33, 37, 40, 41). We determined the effects of
TRIF deficiency on B. burgdorferi-induced induction of proin-
flammatory cytokines by measuring the levels of IL-6 and IFN-�
mRNA transcripts in infected mouse joints. Mouse il-6 and ifn-�
transcripts were increased in TRIF, MyD88, and doubly deficient
animals compared to wild-type transcripts (P � 0.0029/P �
0.0177, P � 0.0002/P � 0.0159, and P � 0.0033) (Fig. 5A and B).
This appears to be contrary to its in vitro role in inducing these two
cytokines. Therefore, we wanted to examine levels of anti-inflam-
matory cytokines to evaluate whether they are inversed to the
levels of proinflammatory mediators in the mouse joints at 3
weeks postinfection. We measured levels of il-10 transcripts in
joint tissue from TRIF-, MyD88-, and TRIF/MyD88-deficient
mice infected with B. burgdorferi.

All three knockout mice showed a significant decrease in il-10
expression in comparison to wild-type mice (Fig. 5B). These data
suggest that a decrease in expression and/or secretion of the anti-
inflammatory IL-10 cytokine contributes to the increase in in-
flammatory cytokines observed in TRIF-deficient, MyD88-defi-
cient, and doubly deficient mice.

DISCUSSION

TRIF and MyD88 are the two major adaptor molecules utilized by
TLRs. All known TLRs utilize either TRIF or MyD88 or, in the case
of TLR4, both. Although there is overlap in the downstream path-
ways and in the specific inflammatory mediators activated by
stimulation through TRIF and MyD88, the two adaptors have
been thought to function independently. TRIF, which transduces
signals from TLR3 and TLR4, is thought to be recruited to intra-

FIG 2 TRIF mediates activation of type I interferons in response to TLR2
ligands. (A) BMDM isolated from wild type (WT), MyD88-deficient mice
(MyD88), TRIF-deficient mice (TRIF), and MyD88 and TRIF doubly deficient
mice (DKO) were stimulated with 1 �g of Pam3CSK4/ml. Expression of ifn-�,
cxcl10 and ifit1, measured at 6 h postinfection, and ifn-�, measured at 16 h
postinfection, was determined by RT-qPCR. Values represent mean induction
of expression relative to control cells and the standard errors of the mean
(SEM) of three independent experiments. *, P � 0.05 by Mann-Whitney U.
(B) BMDM isolated from wild type (WT), MyD88-deficient mice (MyD88),
TRIF-deficient mice (TRIF), and MyD88 and TRIF doubly deficient mice
(DKO) were stimulated with B. burgdorferi at an MOI of 10. Expression of
ifn-�, ifn-�, cxcl10, and ifit1 was measured by RT-qPCR. Expression of ifn-�,
cxcl10, and ifit1, measured at 6 h postinfection, and ifn-�, measured at 16 h
postinfection, was determined by RT-qPCR. Values represent mean induction
of expression relative to control cells and SEM of three independent experi-
ments. *, P � 0.05 by Mann-Whitney U. (C) BMDM isolated from wild-type
(WT) and TRIF-deficient (TRIF�/�) mice were stimulated with 5 ng of LPS/
ml. Expression of ifn-�, cxcl10, and ifit1, measured at 6 h postinfection, and
ifn-�, measured at 16 h postinfection, was determined by RT-qPCR. Values
represent mean induction of expression relative to control cells and the SEM of
three independent experiments. *, P � 0.05 by Mann-Whitney U. (D) BMDM
isolated from wild-type (WT) and TRIF-deficient (TRIF) mice were stimu-
lated with 1 �g of Pam3CSK4/ml and B. burgdorferi at an MOI of 10 for 6 h.
Expression of irf7 was measured by RT-qPCR. Values represent the mean
induction of expression relative to control cell and the SEM of three indepen-
dent experiments. *, P � 0.05 by Mann-Whitney U.
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cellularly located TLRs and to be important in the induction of
interferons and interferon-related genes. Early studies evaluating
the role of TRIF in TLR2 signaling suggested a role for TRIF in the
TLR2/6 lipopeptide MALP-2-dependent activation of NF-	B
(17). Also, an interaction of TLR2 and TRIF in immunoprecipi-
tation experiments with tagged proteins was observed, although
another group was not able to confirm the interaction (15, 17).
This was followed by studies examining stimulation of TRIF-de-
ficient cells with peptidoglycan, another TLR2/6 ligand, which did
not find a reduction in IL-12p40 proinflammatory cytokine secre-
tion (16). When combined with studies that showed that MyD88-
deficient cells did not have any residual TLR2-associated activa-
tion of most cytokines, the accepted paradigm has been that TLR2
utilizes only MyD88 as an adaptor (13, 19, 20). This view was
consistent with data suggesting that TLR2 ligands, such as
MALP-2, could not induce IFN-� (15). However, more recently,
multiple studies, using a number of different TLR2 ligands and
cell types, have found that TLR2 is indeed able to induce a type I
interferon response, and it does so from endosomal compart-
ments (3, 21, 23, 26). Given the relationship of TRIF with type I
interferon responses, research has again focused at the possible
role of TRIF in TLR2 signaling. A recent study by Aubry et al.
showed that a TLR2/TRIF cascade was responsible for IFN-� ac-

tivation downstream of Listeria monocytogenes in vitro (36). In our
studies, we found that TRIF mediates signals from TLR2/1 for
synthetic ligands, such as Pam3CSK4, as well as from a live patho-
genic organism, B. burgdorferi. Loss of TRIF results in decreased
induction of proinflammatory and anti-inflammatory molecules
in response to Pam3CSK4 and B. burgdorferi. Among the reasons
why our results with Pam3CSK4 may differ from early results with
peptidoglycan include the possibility that TRIF is differentially
utilized by TLR2/1 heterodimers compared to TLR2/6 het-
erodimers. Also, peptidoglycan is a complex ligand containing the
TLR2/6 ligand lipoteichoic acid, as well as components shown to
activate intracellular cytoplasmic receptors such as Nod1 and
Nod2, and the activation of additional receptors may have masked
the role of TRIF for TLR2/6 signaling (42).

For TLR4, intracellular responses to LPS, which utilize TRIF,
were differentiated from plasma membrane signaling utilizing
MyD88 by differences in induction of cytokines. For example,
induction of TNF-� was shown to occur from the plasma mem-
brane in response to LPS and could not be blocked by acidification
inhibitors. Similarly, TRIF deficiency completely abolishes LPS
induced type I interferon activation. In our studies, TRIF defi-
ciency decreased, but did not eliminate, the induction of IL-6 and
type I interferons in response to Pam3CSK4 or B. burgdorferi, in

FIG 3 TRIF deficiency has no effect on the control of B. burgdorferi infection in vivo or B. burgdorferi phagocytosis in vitro. (A) WT (n � 10), MyD88-deficient
(n � 10), TRIF-deficient (n � 10), and MyD88/TRIF doubly deficient (DKO) mice (n � 8) were infected with 105 bacteria and sacrificed at 3 weeks postinfection.
Bacterial loads in joints were quantified by qPCR for the bacterial flaB gene and normalized to copies of mouse �-actin. For MyD88 and DKO mice, P � 0.0001
by Mann-Whitney U. (B) BMDM from wild-type and TRIF-deficient mice were stimulated with B. burgdorferi at an MOI of 10 for 60 min and stained by
immunofluorescence as described in panel C. Percent internalized B. burgdorferi was determined by counting numbers of cells with internalized bacteria versus
cells not containing internalized bacteria. The data represent the mean of internalized bacteria 
 the SEM of three independent experiments. *, P � 0.05 by
Mann-Whitney U. (C) Internalization of spirochetes in wild-type (WT) or TRIF-deficient cells was determined by immunofluorescent staining before (A488/
green-labeled) and after (A549/red-labeled) permeabilization of the cells. Nuclei are stained with DAPI.
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contrast to MyD88 deficiency which completely eliminated in-
duction. Our data suggest an inter-play between TRIF and MyD88
for TLR2 signaling where induction of proinflammatory mole-
cules by TRIF requires the presence of MyD88. Cross talk between
TRIF and MyD88 signaling in the activation of inflammatory me-
diators has been well established; however, the mechanisms me-
diating this cross talk are not well understood. Some studies have
suggested that the Jun N-terminal kinase (JNK) pathway and the
interferon regulatory factor 5 (IRF5) are mechanisms of cross talk
(43, 44). It remains unclear how the MyD88/IRF5 platform
bridges the TRIF pathway or at which point in the JNK pathway
the two intercept. Alternatively, MyD88 may more directly regu-
late the expression or localization of TRIF to intracellular com-
partments.

Another possible mechanism to explain the dependence of
TRIF signaling on the presence of MyD88 is that loss of MyD88
results in decreased MARCO-dependent phagocytosis, which af-
fects the localization of ligands to intracellular compartments in-
volved in TRIF signaling. Although the defect in phagocytosis in
the absence of MyD88 is partial (1), we cannot rule out the possi-

bility that the partial loss of phagocytosis drops the amount of
ligand localized to the proper compartments below the range
needed to activate TRIF. Since we are unable to eliminate cell
surface signaling while leaving intracellular signaling intact, it is
uncertain exactly how much internalized B. burgdorferi is neces-
sary to activate intracellular pathways.

Our findings that TRIF is necessary for induction of type I
interferons downstream of B. burgdorferi are in contrast to the
findings published by Miller et al. (38). While there was an effect of
TRIF deficiency on IL-6 secretion in response to B. burgdorferi
stimulation, they did not observe an effect on interferon-inducible
gene expression in TRIF-deficient cells. Although the cause of this
discrepancy is not clear, there were differences in the conditions of
the trial. Miller et al. performed their studies under serum-free
conditions, while we used 10% serum. The presence of serum can
alter some immune responses, although it is unclear why the effect
would be limited to type I interferons. Another difference includes
the manner in which the TRIF-deficient mice were generated.
Miller et al. used mice generated by chemical mutagenesis leading
to a single base pair deletion at codon 708 and the early termina-

FIG 4 MyD88, but not TRIF deficiency, has an effect on expression of MARCO in vitro and in vivo and B. burgdorferi phagocytosis is impaired in MARCO-
deficient mice. (A) Wild-type and MyD88-deficient BMDM were incubated with B. burgdorferi at an MOI of 10 for 5, 20, and 60 min. Cells were harvested and
processed for RNA using TRIzol. RT-qPCR was performed using primers for Lox-1, SR-A, and MARCO and values represent mean induction of expression
relative to wild-type unstimulated cells. *, P � 0.05; **, P � 0.01; ***, P � 0.001 by Mann-Whitney U. (B) BMDM from wild-type and MARCO-deficient mice
were stimulated with B. burgdorferi at an MOI of 10 for 60 min. Internalization of spirochetes was determined by immunofluorescent staining before (blue) and
after (red) permeabilization of the cells. Lysosomes were stained with anti-Lamp1 antibodies (green). (C) Percent internalized B. burgdorferi was determined by
counting numbers of cells with internalized bacteria versus cells not containing internalized bacteria. The data represent the means of internalized bacteria 
 the
SEM of three independent experiments. *, P � 0.05 by Mann-Whitney U. (D) Expression of MARCO in wild-type, TRIF-deficient, and MyD88-deficient BMDM
stimulated with B. burgdorferi at an MOI of 10 was measured by RT-qPCR. Values represent mean induction of expression relative to control cells and the SEM
of three independent experiments. *, P � 0.05 by Mann-Whitney U. (E) Levels of marco transcript were measured by RT-qPCR from joint tissue in wild type (n �
10), TRIF-deficient (n � 10), MyD88-deficient (n � 10), and doubly deficient (n � 9) mice. One mouse in the wild-type group was arbitrarily set to a value of
1, and all other values are shown in reference to that value using the 2���CT method after normalization for the value of �-actin. Each circle in the data represents
one mouse, and the lines indicate median values. P � 0.0001 or not significant (NS) by Mann-Whitney U.

Role of TRIF in Lyme Disease

February 2013 Volume 81 Number 2 iai.asm.org 407

http://iai.asm.org


tion of TRIF transcripts (45), while the knockout line used in the
present study is a result of a gene deletion where the entire TRIF
open reading frame was replaced with a neomycin resistance cas-
sette (16).

Although our study does not specifically show that TRIF me-
diates TLR2-dependent B. burgdorferi inflammatory cytokines,
the similarities in the B. burgdorferi responses and those observed
to TLR2-specific ligands suggest that at least a portion of the B.
burgdorferi response is mediated by TLR2 and TRIF. Although
other TLRs that induce type I interferons downstream of B. burg-
dorferi (TLR7/8 and TLR9) are believed to exclusively utilize
MyD88, we cannot exclude the possibility that B. burgdorferi
TRIF-mediated signaling takes place via these or other TLRs as
well. Besides TLR4, TLR3 is the only other TLR that has been
shown to utilize TRIF. B. burgdorferi does not activate inflamma-
tory cytokine release through TLR4 (46). Although B. burgdorferi
does not express known TLR3 ligands, the lack of activation has
not been shown directly, and thus we cannot exclude the possibil-
ity of an unrecognized TLR3 ligand of B. burgdorferi.

Surprisingly, despite the role of TRIF in induction of proin-
flammatory mediators by TLR2 ligands in vitro, our animal model
of B. burgdorferi infection revealed the opposite effect in TRIF-

deficient mice with increased rather than decreased levels of many
of the proinflammatory cytokines. A similar reverse phenotype
has previously been observed in TLR2-, MyD88-, and CD14-de-
ficient mice infected with B. burgdorferi (5, 6, 11, 12, 39, 47–49).
Part of this response is perhaps due to higher levels of bacteria in
the tissues of TLR2-, MyD88-, and CD14-deficient animals due to
their important role in control of infection. While TRIF-deficient
animals showed similar increases in inflammatory cytokines as
TLR2- and MyD88-deficient mice, we found that TRIF was not
important in control of infection and numbers of spirochetes were
similar to the wild type. The reason for the difference in control of
spirochete numbers between TRIF and MyD88 may be due to the
role of MyD88 in phagocytosis of the organism. This may be par-
tially mediated by the effect of MyD88 on scavenger receptors
such as MARCO. MARCO, a member of a subclass of scavenger
receptors type A, was shown to be important in TLR ligand inter-
nalization and signaling and for effective cytokine responses to
Mycobacterium tuberculosis (50, 51). To our knowledge, MARCO
and other scavenger receptors have not previously been shown to
mediate phagocytosis of B. burgdorferi. We found that MARCO,
which has very low levels of basal expression, was significantly
induced upon B. burgdorferi stimulation in wild-type cells but not
in MyD88-deficient cells. MARCO-deficient BMDM had a signif-
icant defect in the uptake of B. burgdorferi. In TRIF-deficient cells,
as opposed to MyD88-deficient cells, we did not observe a com-
plete decrease in MARCO expression, although we did observe a
smaller change. It is possible that the levels of MARCO expression
that remain in TRIF-deficient BMDM are sufficient to carry out
phagocytosis as opposed to MyD88 where the expression of
MARCO is abolished. Expression of scavenger receptors has been
shown to be regulated by TLR signals and TNF-� (52–54); thus,
the partial defect in TNF-� secretion observed in TRIF-deficient
cells versus the complete abrogation observed in MyD88-deficient
cells correlates with the differences observed in MARCO expres-
sion in TRIF- and MyD88-deficient cells. Interestingly, the in vivo
expression of MARCO in TRIF-deficient mouse joints was not
statistically different from the expression observed in joints of
wild-type mice. Differences in the effect of TRIF deficiency in vivo
versus in vitro may be due to the cell types tested or to differences
in responses between naive BMDM in vitro and activated cells in
vivo. Taken together, our data suggest a biological relevance in
MARCO expression controlled by MyD88 versus TRIF. This lack
of a role in phagocytosis of TLR2/TRIF signaling, as opposed to
TLR2/MyD88 signaling, may explain its lack of importance in the
control of B. burgdorferi infection.

In our mouse studies, TRIF deficiency results in an increase in
proinflammatory cytokines in the joint, which, unlike in the case
of MyD88, CD14, or TLR2 deficiency, cannot be explained by an
increase in bacterial numbers in vivo. Although it is counterintui-
tive that deficiencies in pathways important in proinflammatory
responses result in an increase in expression of inflammatory me-
diators, this effect has been seen with multiple innate immune
receptors in response to B. burgdorferi (5, 11, 39, 55). There are
many potential explanations for why this may occur. In studies of
TLRs in other systems, they have been involved in induction of
anti-inflammatory mediators, downregulation of inflammatory
receptors and activation of suppressor pathways, all of which
could result in increased release of inflammatory mediators in the
absence of the receptor (56–59). Many of these effects have been
seen with prolonged stimulation of TLRs which fits well with the

FIG 5 TRIF deficiency results in altered cytokine responses in vivo. (A) Levels
of il-6 transcript were measured by RT-qPCR from joint tissue in wild-type
(n � 13), TRIF-deficient (n � 13), MyD88-deficient (n � 12), and doubly
deficient (DKO) (n � 6) mice from two independent experiments. The lowest
value in the wild-type group was arbitrarily set to a value of 1, and all other
values are shown in reference to that value using the 2���CT method after
normalization for the value of �-actin. Each circle in the data represents one
mouse and the lines indicate median values P � 0.0029, P � 0.0002, and P �
0.0033 by Mann-Whitney U. (B) Levels of ifn-� transcript were measured by
RT-qPCR from joint tissue in wild-type (WT) (n � 5), TRIF-deficient (n � 7),
and MyD88-deficient (n � 4) mice. One mouse in the wild-type group was
arbitrarily set to a value of 1, and all other values are shown in reference to that
value using the 2���CT method after normalization for the value of �-actin.
Each circle in the data represents one mouse and the lines indicate median
values. P � 0.0177 and P � 0.0159 by Mann-Whitney U. (C) The levels of il-10
transcript were measured by RT-qPCR from joint tissue in wild-type (WT)
(n � 13), TRIF-deficient (n � 14), MyD88-deficient (n � 11), and doubly
deficient (DKO) (n � 6) mice. One mouse in the wild-type group was arbi-
trarily set to a value of 1, and all other values are shown in reference to that
value using the 2���CT method after normalization for the value of �-actin.
Each circle in the data represents one mouse and the lines indicate median
values. P � 0.0088, P � 0.0002, and P � 0.0007 by Mann-Whitney U.
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model of B. burgdorferi causing long-term infection. Further stud-
ies to determine the nature of the changes in the inflammatory
response during long-term infections could contribute to our un-
derstanding of these phenotypes.
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