








of disease severity, similar in intensity to that seen in C57BL/6.
Tlr42/2 mice (Supplemental Fig. 3).
Passive EAE was induced in 3 Gy irradiated, PTX-treated female

C57BL/6.Tlr22/2, C57BL/6.Tlr92/2 and C57BL/6 recipients by
i.p. injection of in vitro-activated lymph node cells and splenocytes
harvested from C57BL/6 CFA/MOG + PTX immunized mice
11 d postimmunization. Data were pooled from 3 independent ex-
periments with 3–6 replicates/group/experiment (total n = 13–15/
group) (Table II). In none of the experiments did lymphocytes from
C57BL/6 mice adoptively transfer EAE into C57BL/6.Tlr22/2

mice, resulting in a highly significant and highly reproducible
decrease in mean maximum score and CDI compared with WT
recipients (p , 0.001 for both, uncorrected Mann–Whitney U test)
(Fig. 6A, Table II). Suppression of the mean maximum score of
C57BL/6.Tlr92/2 recipients occurred in two of the three trials and
was confirmed in the pooled analysis (p , 0.01, uncorrected
Mann–Whitney U test) (Fig. 6A, Table II). Although the onset of
disease in C57BL/6.Tlr92/2 mice consistently appeared earlier
than that in C57BL/6 control mice in each trial, this difference did
not reach significance in any trial or in the analysis of pooled data.
The greater effect of TLR2 deficiency on passive EAE than on

active disease was unexpected. To gain further insight into the role

of TLR2 in passive EAE, we performed adoptive transfers in which
TLR2 was deleted from either the donor cells, the recipient, both, or
neither. Again, adoptive transfer of WT lymphocytes into C57BL/
6.Tlr22/2 mice resulted in no disease, in stark contrast with the
transfer of aliquots of the same pool of cells into WT mice. The
adoptive transfer of C57BL/6.Tlr22/2 cells into either WT or
C57BL/6.Tlr22/2 recipients resulted in alleviated disease (Fig.
6B). These results are consistent with previously published com-
parisons of passive EAE induced by adoptive transfer of WT or
TLR2-deficient T cells (35) and confirm that TLR2 plays a role in
exacerbating the severity of EAE. In this context, the prevention of
disease in TLR2-deficient recipients of WT cells suggests that the
presence of the receptor at induction of disease creates a de-
pendence on TLR2 signaling in the effector phase (Fig. 6C).
Adoptive transfer of in vitro-activated cells from male C57BL/6
mice into male C57BL/6.Tlr22/2 recipients also failed to induce
disease (Fig. 6C), consistent with this hypothesis.

Phenotypic analysis of cells infiltrating the CNS of
TLR-deficient mice in passive EAE

Flow cytometric analysis of CNS-infiltrating leukocytes from
female C57BL/6.Tlr22/2, C57BL/6.Tlr92/2 and C57BL/6 WT

FIGURE 7. Representative flow cytom-

etry of brain and spinal cord leukocytes

from female C57BL/6.Tlr22/2, C57BL/6.

Tlr92/2 and C57BL/6 WT control mice 34

d after adoptive transfer of C57BL/6 MOG-

reactive leukocytes. A, CD45 and SS area

were used to distinguish between lym-

phocytes (high CD45 expression and low

SS area) and monocytes/macrophages/

DCs (high to intermediate CD45 and high

SS area). Lymphocytes were stained with

bTCR, CD4, and CD8 to determine major T

cell subsets, whereas the APC population

was stained with Ly6C, CD11b, and CD11c.

B, Total numbers of CD4, CD8 T cells and

inflammatory macrophages and mean fluo-

rescence intensity (MFI) of CD11c on my-

eloid DCs in the CNS of female C57BL/6.

Tlr22/2 (closed squares), C57BL/6.Tlr92/2

(closed triangles), and C57BL/6 WT control

mice (closed circles). The values in plots

indicate mean 6 SD of four to six mice,

with the exception of the PBS control (n =

1; closed diamonds). Statistical differences

between the C57BL/6 control group and

C57BL/6.Tlr22/2 or C57BL/6.Tlr92/2

mice are indicated (*p , 0.05, **p , 0.01,

Mann–Whitney U test; n = 4–6) (B).
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control mice was performed 34 d after adoptive transfer of MOG-
reactive leukocytes from female C57BL/6 donors. CD45 and side
scatter (SS area) were used to distinguish between lymphocytes
(high CD45 expression and low SS area) and monocytes/
macrophages/DCs (high to intermediate CD45 and high SS area)
(Fig. 7A). Coexpression of CD45hi and bTCR in combination with
CD4 or CD8 were used to detect CD4+ or CD8+ T cells (Fig. 7A).
Consistent with the clinical data, C57BL/6.Tlr22/2 recipients had
fewer CNS-infiltrating CD4+ T cells (p , 0.01, pairwise Mann–
Whitney U test, n = 4–6/group) (Fig. 7B) and reduced activation
(CD11c expression levels) of myeloid DCs (*p , 0.05). Numbers
of inflammatory (CCR2+Ly6C+CD11b+) macrophages did not
differ significantly (Fig. 7B).
At least two mechanisms could account for the reduced re-

cruitment of CD4 T cells to the brains of C57BL/6.Tlr22/2 mice in
this system. Recruitment of leukocytes to the CNS is at least partly
dependent on the expression of CCR2 (53, 54). CCR2 levels were
examined on the infiltrating CD4 T cells of female C57BL/6.Tlr22/2,
C57BL/6.Tlr92/2 and C57BL/6 recipients of MOG-reactive leu-
kocytes, but virtually no expression was found (data not shown).
This was not due to technical difficulties because CCR2 expres-
sion on inflammatory macrophages was easily detected (Fig. 7).
Because CCR2 expression on T cells may be downregulated after
recruitment to the CNS (55), its levels of expression were com-
pared on splenic CD4 T cells of TLR-deficient mutants, but again
no difference was found (data not shown).

Role of central regulatory T cells in modulating passive EAE in
C57BL/6.Tlr22/2 mice

An alternative explanation for the reduced recruitment of CD4+

T cells to the brains of C57BL/6.Tlr22/2 mice is the suppression

of activation and expansion of autoreactive T cells via the activity
of regulatory T cells (Tregs). Because prior flow cytometric
characterization of NKT cell numbers and subsets in TLR-
deficient C57BL/6 mice had failed to identify any significant
differences (data not shown), we examined the numbers of splenic
CD4+CD25+Foxp3+ Tregs of female C57BL/6.Tlr22/2, C57BL/6.
Tlr92/2 and C57BL/6 recipients of MOG-reactive leukocytes,
34 d after adoptive transfer. Because expression of CD62L has
been reported to be associated with suppressive activity of Tregs
in vivo in three models of autoimmune/inflammatory disease, in-
cluding MOG/CFA + PTX-induced EAE (56–59), we specifically
examined the CD62L-expressing subset of splenic Tregs. Whereas
CD4+CD25+Foxp3+ Tregs were inconsistently increased in
spleens of C57BL/6.Tlr22/2 recipients of WT cells, absolute
numbers of CD62L-expressing Tregs were significantly increased
in C57BL/6.Tlr22/2, but not C57BL/6.Tlr92/2 recipients of
MOG-reactive leukocytes compared with WT recipients (p ,
0.01, Mann–Whitney U test, n = 4–6/group) (Fig. 8). This pattern
was also seen in the male transfers; numbers of CD62L-expressing
Tregs were significantly increased in C57BL/6.Tlr22/2 mice (p ,
0.05; Mann–Whitney U test, n = 6/group; data not shown).
In an attempt to identify a molecular mechanism for the in-

creased numbers of central (CD62L+) Tregs in C57BL/6.Tlr22/2

passive EAE recipients, we examined plasma cytokine levels of
IL-1, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, IFN-g, TNF, and GM-
CSF at 10 or 34 d after adoptive transfer in two independent
experiments. As a generalization, most of the cytokines were
undetectable in the plasma of most mice. A significant exception
to this was IL-6, which was detected in 4 of 6 C57BL/6 recipients
at 10 d and 3 of 5 at 34 d, but was undetectable in the plasma of
any C57BL/6.Tlr22/2 mice (7/11 versus 0/9; p , 0.005, Fisher’s
exact test).

FIGURE 8. Representative flow cytometry of splenic Treg cells from female C57BL/6.Tlr22/2, C57BL/6.Tlr92/2 and C57BL/6 WT control mice 34

d after adoptive transfer of MOG-reactive leukocytes. A, Lymphocytes were gated by forward scatter and SS and cell clusters excluded by forward scatter

height versus forward scatter area gating. Dead cells were excluded by propidium iodide staining. Viable cells were gated on CD3+ and CD4+, and Tregs

were identified by CD25 and Foxp3 expression. The histograms show the expression of CD62L on Treg cells. B, Total numbers of CD4 T cells, Treg cells

and CD62L-expressing Tregs in the spleen of C57BL/6.Tlr22/2, C57BL/6.Tlr92/2 and C57BL/6 WT control mice. At least four mice per group were

analyzed and the mean value of each group is indicated as a bar. Statistical differences between the C57BL/6 control group and C57BL/6.Tlr22/2 or

C57BL/6.Tlr92/2 mice are indicated (**p , 0.01, Mann–Whitney U test; n = 4–6) (B).
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Discussion
Although encephalomyelitis can be experimentally induced in
laboratory animals in the absence of adjuvant, the severity and

incidence of disease is greatly enhanced by its addition (reviewed in

Ref. 60). Although the conventional model applies CFA as an

adjuvant, zymosan (a ligand for TLR2 and TLR6) (61), CpG-

ODN (TLR9) (62), and/or LPS (TLR4) (35, 61, 63) have been

successfully (but inconsistently) (61, 63, 64) substituted for killed

M. tuberculosis in the induction of EAE, indicating the capacity of

TLR signaling to promote the disease. Paradoxically, LPS can also

inhibit the induction of conventional CFA-induced EAE (65, 66).
In this article, we have shown that, although targeted deletion of

TLR1, TLR4, or TLR6 did not affect the incidence or severity of
MOG35–55 peptide-induced EAE, signaling via MyD88 is neces-
sary, and TLR2 and TLR9 contribute to the severity of the disease.
The dependence of EAE induction on MyD88 signaling has been
reported previously (32, 33, 67), as has the lack of an EAE phe-
notype in TLR6-deficient mice (33); the role of TLR1 in EAE has
not been previously reported. TLR2 can signal as a heterodimer
with TLR1 or TLR6; nevertheless, functional activity of TLR2
homodimers acting in the absence of either TLR1 or TLR6 has
been reported (68) and may be responsible for the dependence of
EAE on TLR2 expression in our hands. Alternately, functional re-
dundancy between the effects of ligands for TLR2/1 and TLR2/6
are possible but difficult to test, because Tlr1 and Tlr6, the genetic
loci encoding these two TLR, are in strong linkage disequilibrium.
Although we found that TLR4 deficiency did not affect the

severity of active EAE, Marta et al. (33) reported mild exacerbation

and Kerfoot et al. (34) reported inconsistent patterns of disease

(protection, amelioration, or normal severity) in TLR4-deficient

mutants. This variability is in keeping with the inconsistent action

of LPS when used as an adjuvant in the induction of disease, as

well as its variable ability to prevent EAE (65), and may reflect the

effects of natural LPS exposure early in life (69), possibly a con-

sequence of the induction of tolerance to LPS induced by previous

exposure (70). Similarly, although we found a partial dependence

of both TLR2 and TLR9 signaling for the full expression of active

EAE, Marta et al. (33) reported slight exacerbation of disease in

TLR9-deficient mice, whereas Prinz et al. (32) reported mild al-

leviation and found no effect of TLR2 deficiency. Nevertheless,

the results published in this study were highly reproducible and

are consistent with the known roles of TLR2 and TLR9 in me-

diating many of the adjuvant-like effects of killed M. tuberculosis.
The observation that although MyD88-deficient mice were

completely protected from the induction of active EAE, TLR2/9

doubly deficient mice showed no more resistance than TLR2 or

TLR9 singly deficient mice, indicating thatMyD88 plays a role in the

pathogenesis of EAE in addition to its role as the adaptor molecule

for TLR2 and TLR9. This result could either be explained by a degree

of redundancy between TLR2/TLR9 and TLR4 signaling or by

dependence of EAE induction on IL-18 and/or IL-1 signaling, which

is also MyD88 dependent, as has been shown for the analogous

animal model experimental autoimmune uveitis (71).
Sexual dimorphism was observed in this study in the active EAE

experiments, particularly in TLR2-deficient mice, but also to

a lesser extent in TLR9-deficient and TLR2/9 doubly deficient

mice. Although sexual dimorphism of TLR effects on disease has

not been previously reported, postpubertal mice show sex differ-

ences in cytokine responses to TLR ligands, with females pro-

ducing less IL-1 in response to the TLR2 ligand lipoteichoic acid

(72), and it is a typical feature of both EAE (73–76) and MS

[reviewed in Orton et al. (77)]. Paradoxically, although the in-

cidence and severity of MS is generally higher in women, it is also

more readily affected by environmental change (77). Although
these data do not contribute to understanding the greater suscep-
tibility of women to autoimmunity, they do provide a potential
mechanism by which environmental factors could play a greater
role in the prevalence of disease in women than in men.
Although it could be postulated that in active EAE the role of

TLR2 and TLR9 signaling was merely to mediate the adjuvanting
activity of CFA (45–48, 50), the demonstration of inhibition of
passive (adoptively transferred) EAE in targeted deletional
mutants for TLR2 and TLR9 not only confirms the importance of
these TLRs in the pathogenesis of EAE, but also implicates these
pathways in ongoing immune control of the effector phase of the
autoimmune response. Although Prinz et al. (32) also reported
a partial dependency on TLR9 expression in the adoptive transfer
recipient, our finding of complete dependency on TLR2 expres-
sion in recipients of WT cells is novel but consistent with Rey-
nolds et al.’s report (35) that bone marrow chimeras reconstituted
with TLR2-deficient marrow expressed ameliorated disease after
the induction of active EAE.
The dependency of passive induction of EAE on TLR2 ex-

pression in the recipient indicates the presence of tonic signaling
through the receptor. This could occur via endogenous or exoge-
nous ligands. Although many putative endogenous ligands for
TLR2 have been proposed, none of them meets the reasonable
criteria of purity and validation required to demonstrate their ability
to directly bind and signal through TLR2 (78). In contrast, mi-
crobial products from intestinal microflora have been detected in
the blood of healthy humans (79) and mice (80). Specifically, the
mucosal translocation and systemic circulation of enterically de-
rived peptidoglycan was confirmed using an NF-kB reporter cell
line transfected with Nod1 and by comparing the phagocytic
priming of bone marrow neutrophils in WT and Nod1-deficient
targeted mutant mice (80). Extracellular recognition of high m.w.
polymeric peptidoglycan is mediated by CD14 and TLR2 (17–19,
81, 82).
To our knowledge, we show for the first time, in the context of

CNS autoimmune inflammatory disease, that TLR2 signaling is
associated with detectable levels of circulating IL-6, reduced
numbers of central (CD62L-expressing) Tregs, and increased re-
cruitment of activated CD4 T cells to the brain. EAE is suppressed
by the activity of Tregs (83–86), including central Tregs (54, 87),
via the action of IL-10 (84, 86, 88). Tregs are induced by CD4+

T cell activation in the presence of TGF-b (86), and their in-
duction is inhibited by IL-6 via trans signaling of soluble IL-6R
into T cells causing SMAD7 suppression of TGF-b signaling (89).
IL-6 is a proinflammatory growth and survival factor whose ex-
pression is induced by TLR2 ligation (19) and is, in part, con-
trolled by the IL-6–NF-kB transcription factor binding site 59 to
the gene’s transcription initiation site (90). IL-6–deficient targeted
mutant mice are completely resistant to the induction of EAE by
MOG/CFA + PTX (91).
These data therefore provide molecular insight into the differ-

ential environment-dependent susceptibility of females to CNS
autoimmune inflammatory disease: female C57BL/6 mice were
dependent on TLR2 signaling driving the production of IL-6, which
inhibited the induction of central Tregs, thereby enhancing the
proliferation and/or inhibiting the cell death of encephalitogenic
CD4+ T cells.
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H. Brühl, M. Frink, H. J. Anders, V. Vielhauer, et al. 2001. Expression and
characterization of the chemokine receptors CCR2 and CCR5 in mice. J.
Immunol. 166: 4697–4704.

44. Gururajan, M., J. Jacob, and B. Pulendran. 2007. Toll-like receptor expression
and responsiveness of distinct murine splenic and mucosal B-cell subsets. PLoS
ONE 2: e863.

45. Brightbill, H. D., D. H. Libraty, S. R. Krutzik, R. B. Yang, J. T. Belisle,
J. R. Bleharski, M. Maitland, M. V. Norgard, S. E. Plevy, S. T. Smale, et al. 1999.
Host defense mechanisms triggered by microbial lipoproteins through toll-like
receptors. Science 285: 732–736.

46. Jones, B. W., T. K. Means, K. A. Heldwein, M. A. Keen, P. J. Hill, J. T. Belisle,
and M. J. Fenton. 2001. Different Toll-like receptor agonists induce distinct
macrophage responses. J. Leukoc. Biol. 69: 1036–1044.

47. Means, T. K., S. Wang, E. Lien, A. Yoshimura, D. T. Golenbock, and
M. J. Fenton. 1999. Human toll-like receptors mediate cellular activation by
Mycobacterium tuberculosis. J. Immunol. 163: 3920–3927.

48. Thoma-Uszynski, S., S. M. Kiertscher, M. T. Ochoa, D. A. Bouis, M. V. Norgard,
K. Miyake, P. J. Godowski, M. D. Roth, and R. L. Modlin. 2000. Activation of
toll-like receptor 2 on human dendritic cells triggers induction of IL-12, but not
IL-10. J. Immunol. 165: 3804–3810.

49. Abel, B., N. Thieblemont, V. J. Quesniaux, N. Brown, J. Mpagi, K.Miyake, F. Bihl,
and B. Ryffel. 2002. Toll-like receptor 4 expression is required to control chronic
Mycobacterium tuberculosis infection in mice. J. Immunol. 169: 3155–3162.

50. Bafica, A., C. A. Scanga, C. G. Feng, C. Leifer, A. Cheever, and A. Sher. 2005.
TLR9 regulates Th1 responses and cooperates with TLR2 in mediating optimal
resistance to Mycobacterium tuberculosis. J. Exp. Med. 202: 1715–1724.

The Journal of Immunology 803

 by guest on A
pril 22, 2019

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


51. Apetoh, L., F. Ghiringhelli, A. Tesniere, M. Obeid, C. Ortiz, A. Criollo,
G. Mignot, M. C. Maiuri, E. Ullrich, P. Saulnier, et al. 2007. Toll-like receptor 4-
dependent contribution of the immune system to anticancer chemotherapy and
radiotherapy. Nat. Med. 13: 1050–1059.

52. Paulos, C. M., C. Wrzesinski, A. Kaiser, C. S. Hinrichs, M. Chieppa, L. Cassard,
D. C. Palmer, A. Boni, P. Muranski, Z. Yu, et al. 2007. Microbial translocation
augments the function of adoptively transferred self/tumor-specific CD8+ T cells
via TLR4 signaling. J. Clin. Invest. 117: 2197–2204.

53. Fife, B. T., G. B. Huffnagle, W. A. Kuziel, and W. J. Karpus. 2000. CC che-
mokine receptor 2 is critical for induction of experimental autoimmune en-
cephalomyelitis. J. Exp. Med. 192: 899–905.

54. Izikson, L., R. S. Klein, I. F. Charo, H. L. Weiner, and A. D. Luster. 2000.
Resistance to experimental autoimmune encephalomyelitis in mice lacking the
CC chemokine receptor (CCR)2. J. Exp. Med. 192: 1075–1080.

55. Mahad, D., M. K. Callahan, K. A. Williams, E. E. Ubogu, P. Kivisäkk, B. Tucky,
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