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Recent findings in the animal model for multiple scle-

rosis (MS), experimental autoimmune encephalomy-

elitis, implicate a novel CD4� T-cell subset (TH17),

characterized by the secretion of interleukin-17 (IL-

17), in disease pathogenesis. To elucidate its role in

MS, brain tissues from patients with MS were com-

pared to controls. We detected expression of IL-17

mRNA (by in situ hybridization) and protein (by im-

munohistochemistry) in perivascular lymphocytes as

well as in astrocytes and oligodendrocytes located in

the active areas of MS lesions. Further, we found a

significant increase in the number of IL-17� T cells in

active rather than inactive areas of MS lesions. Specif-

ically, double immunofluorescence showed that IL-17

immunoreactivity was detected in 79% of T cells in

acute lesions, 73% in active areas of chronic active

lesions, but in only 17% of those in inactive lesions

and 7% in lymph node control tissue. CD8�, as well as

CD4�, T cells were equally immunostained for IL-17

in MS tissues. Interestingly, and in contrast to lymph

node T cells, no perivascular T cells showed FoxP3

expression, a marker of regulatory T cells, at any

stage of MS lesions. These observations suggest an

enrichment of both IL-17�CD4� and CD8� T cells in

active MS lesions as well as an important role for IL-17

in MS pathogenesis, with some remarkable differ-

ences from the experimental autoimmune encepha-

lomyelitis model. (Am J Pathol 2008, 172:146–155; DOI:

10.2353/ajpath.2008.070690)

Multiple sclerosis (MS) is the most common chronic in-

flammatory demyelinating disease of the central nervous

system (CNS). Animal and human studies have shown

that T cells and inflammatory cytokines play an important

role in MS lesion pathogenesis.1 Therefore, pathologi-

cally distinct areas in the brain can be characterized as

acute, chronic active and inactive lesions, depending on

the degree of mononuclear cell infiltrates and level of

destruction of myelin sheaths.

For many years, it was widely accepted that MS is a

CD4� T-helper 1 (TH1)-mediated disease.2 These TH1

cells are differentiated in response to the cytokine inter-

leukin (IL)-12 and are themselves characterized by their

expression of the proinflammatory cytokine interferon-�.

Most of this thinking originated from the results obtained

from the animal model of MS, experimental autoimmune

encephalomyelitis (EAE).2 However, these views were

also first challenged in EAE by the finding that IL-12

knockout mice cannot generate TH1 cells, but are still

susceptible to EAE, whereas IL-23 knockout mice are

not.3 In addition to IL-6 and transforming growth factor-�,

the cytokine IL-23 helps to expand a subpopulation of TH

cells that specifically express the cytokines IL-17, IL-6,

tumor necrosis factor-�,3 and IL-224 (TH17) and that have

since been shown to play a crucial role in EAE.3 By

contrast, naı̈ve T cells receiving only transforming growth

factor-�, IL-2, and retinoic acid signals differentiate into

the distinct CD4�CD25�FoxP3� regulatory T-cell popu-

lation at the expense of TH17 cells.5,6 When the TH17

cells were depleted from the T-cell population obtained

from EAE mice, the remaining T cells no longer induced
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EAE after adoptive transfer.3 EAE severity was also

greatly reduced on treatment with a monoclonal antibody

to IL-173; similarly, mice treated with an antibody against

IL-23 failed to develop EAE.7 Although EAE could still

occur in IL-17 knockout mice, the disease was heavily

attenuated,8 and mice deficient for the key transcription

factor for differentiation of TH17 cells, the orphan nuclear

receptor ROR�t, showed a mild EAE course and a de-

layed onset.9 However, although CD4�FoxP3� regula-

tory T cells are present in the CNS during EAE, they are

unable to contain the inflammatory damage.10

In addition, IL-17 has been implicated not only in the

animal model for MS, but also in various disease models

for other autoimmune diseases, such as rheumatoid ar-

thritis,11 inflammatory bowel disease,12 psoriasis,4 and

uveitis.13 Although EAE and models for various other

autoimmune diseases show a dominant role of TH17 cells

in disease pathogenesis, few studies have addressed

their role in their human disease prototypes. In fact, hu-

man TH17 cells seem to be distinctively different from

those described in the mouse. Transforming growth fac-

tor-� is not needed for IL-17 production in human T cells

and even inhibits IL-17 production, whereas IL-1 is a very

effective and IL-6 a poor inducer of TH17 differentia-

tion.14,15 The role of human IL-23 in inducing IL-17-se-

creting cells is, however, unclear, because it has been

shown to be either an ineffective inducer14 or a highly

potent inducer15 of TH17 cells.

IL-17-secreting cells have been detected in MS16 and

also in rheumatoid arthritis17,18 and inflammatory bowel

disease.19 In MS increased numbers of mononuclear

cells have been shown to express IL-17 mRNA in the

peripheral blood, particularly during exacerbations, with

a higher proportion of IL-17 mRNA-expressing cells in the

cerebrospinal fluid.16 They have also recently been

shown to migrate preferentially across a model for the

blood-brain barrier.20 In addition, IL-17 levels seem to be

elevated in cerebrospinal fluid samples from MS patients,

in particular in opticospinal MS patients.21 Furthermore,

early microarray analyses of different MS lesions noted

increased levels of IL-17 mRNA transcripts, particularly in

more chronic lesions,22 along with other genes for proin-

flammatory cytokines. However, it has not yet been in-

vestigated whether IL-17-producing cells actually invade

into the CNS in MS patients and can be found in the

inflammatory infiltrates.

Here, we address this question for the first time, iden-

tifying the different cell types in MS brains that express

and produce IL-17. We show that mRNA expression and

protein production of IL-17 is primarily restricted to the

active areas of MS lesions. Not only T cells but also,

surprisingly, astrocytes and oligodendrocytes produce

the cytokine in inflammatory areas of different lesions. In

the active areas of acute lesions and the active borders of

chronic active lesions, we found higher densities of IL-

17� T cells than in inactive areas, normal-appearing

white matter (NAWM), and control tissue. We also dem-

onstrate high proportions of CD8� as well as CD4� T

cells that are IL-17� with a similar distribution. By con-

trast, we could not detect any FoxP3� regulatory T cells

in any MS brain tissues, suggesting an absence of T-cell

suppression in the CNS. The predominance of both

CD4�IL-17� and CD8�IL-17� T cells within active areas,

together with the known evidence of IL-17 as a proinflam-

matory cytokine, supports a pathogenic role for IL-17 in MS.

Materials and Methods

Tissue Specimens

All brain tissues were obtained from the UK Multiple

Sclerosis Tissue Bank, the Thomas Willis Oxford Brain

Collection, or NeuroResource, University College London

Institute of Neurology. Twenty-two frozen tissue blocks

were used in this study, comprising five acute, six chronic

active, and five inactive lesions, three tissue samples of

NAWM, and four control (normal) brains. These were

obtained from 14 MS patients and 4 patients with non-

neurological diseases (Table 1). To characterize the le-

sions, oil red O (ORO), Luxol fast blue-cresyl violet, and

hematoxylin and eosin stainings were performed to iden-

tify the centers and borders of the lesions, lesion activity,

the hypercellularity (inflammatory cell infiltrate), and ar-

eas of hypocellularity (loss of parenchymal cells in inac-

tive lesions). Lesions were characterized as follows: 1)

active lesions by hypercellularity because of lymphocytic

infiltration and high number of macrophages highly

stained with ORO because of the positive lipid droplets

from the breakdown of myelin; 2) chronic active lesions

by hypercellular active border stained highly positive with

ORO and by a hypocellular demyelinated center with a

very low density of macrophages, ORO-negative; 3) in-

active lesions by demyelination and a high degree of

hypocellularity because of the significant loss of paren-

chymal cells and the limited number of inflammatory in-

filtrates stained negative for ORO. In all MS cases, the

clinical diagnosis of MS had been made during life and

confirmed by neuropathological autopsy examination.

This study was approved by the Oxford Regional NHS

Research Ethics Committee, UK.

In Situ Hybridization

For the generation of the riboprobes, a 451-base IL-17

cDNA fragment was obtained by polymerase chain reac-

tion from an IL-17 cDNA inserted in pDNR-dual donor

vector (GenBank accession number NM_002190; Bio

Techniques, Westborough, MA) and verified by sequenc-

ing. Digoxygenin-labeled sense and anti-sense ribo-

probes recognizing IL-17 nucleotide sequences 3 to 453

were prepared by in vitro transcription. Sections were

processed for in situ hybridization cytochemistry as pre-

viously described23 using an isoform-specific riboprobe

to IL-17. In brief, tissue sections were cut at 10 �m and

fixed for 11 minutes with 4% paraformaldehyde followed

by treatment with proteinase K (Sigma-Aldrich, Dorset,

UK) for 20 minutes at room temperature under RNase-

free conditions. Hybridization with the digoxigenin-la-

beled riboprobe (DIG RNA labeling kit; Roche Diagnos-

tics, Mannheim, Germany) was performed by overnight

incubation at 68°C. After washes, the sections were in-
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cubated with anti-digoxigenin alkaline phosphatase-con-

jugated Fab fragments (1:2000) (Roche Diagnostics)

overnight at 4°C and visualized using nitro blue tetrazo-

lium chloride/5-bromo-4-chloro-3�-indolyl phosphate

p-toluidine salt (Roche Diagnostics) chromogenic reac-

tion. Positive controls of fresh frozen tonsil demonstrated

specific signal in cells within the parafollicular region (T

cells) (data not shown). Sense riboprobes yielded no

signals in in situ hybridization (see Figure 1).

Immunohistochemistry

Frozen sections (10 �m thick) were air-dried, fixed in

0.4% paraformaldehyde, and quenched in ammonium

chloride (0.1 mmol/L). Endogenous peroxidase was

blocked by incubation with 1 to 3% hydrogen peroxide

for 45 minutes. Consecutive sections were stained with

mouse anti-CD3 1/100 dilution (DAKO, Cambridge, UK)

and mouse anti-IL-17 1/100 dilution (R&D Systems,

Abingdon, UK) antibodies overnight at 4°C. Slides were

developed with the Envision kit by incubating for 1 hour at

room temperature with the horseradish peroxidase anti-

rabbit/mouse complex (DAKO). Staining was performed

using diaminobenzidine (DAKO), as chromogenic sub-

strate for up to 5 minutes. We used double immunofluo-

rescence to localize IL-17� cells. Tissue sections were

fixed as described above and then incubated with anti-

IL-17 antibody (R&D Systems), 1/100 dilution overnight at

4°C, followed by staining using the tyramide signal am-

plification kit with Alexa Fluor 488 anti-mouse Ig (Invitro-

gen, Paisley, UK). After washing, slides were then incu-

bated overnight with a second antibody: rat anti-CD3,

1/100 dilution (Serotec, Oxford, UK), rat anti-CD4, 1/100

dilution (MCA4b4G, Serotec), rat anti-CD8, 1/100 dilution

(YTC 182.20, Serotec), rabbit anti-GFAP, 1/1000 dilution

(DAKO), sheep anti-CAII (carbonic anhydrase isoenzyme

II) 1/300 dilution (Serotec), rat anti-MHC class II, 1/100

dilution (Serotec), or rabbit anti-FoxP3 1/200 dilution

(ab10563; Abcam, Cambridge, UK). Appropriate sec-

ondary antibodies included Cy3 anti-rat Ig, 1/100 dilution

(Jackson Laboratory, Suffolk, UK), and Alexa Fluor 568

anti-rabbit 1/200 or anti-sheep 1/200 Ig (Invitrogen) for 4

hours. As negative controls for each second layer, the

same procedure as above was followed except that the

primary antibodies were omitted. No staining was seen in

these sections. Positive control sections for IL-17 con-

sisted of fresh frozen tonsillar tissue.

Data Acquisition

Areas of different activity were used for quantification,

from acute, chronic active, and inactive lesions as well as

NAWM, control brains, and lymphatic tissues. In active

areas, hypercellular (oil red-positive) areas, or in inactive

areas, hypocellular (oil red-negative) areas �900 �m

away from lesion borders were quantified. Digital images

of tissue sections were captured using an Olympus light

microscope BX41 and a Zeiss camera (Zeiss, Thorn-

wood, NY). To calculate the density of IL-17� and CD3�

cells in areas of different activity, consecutive sections of

all MS cases and controls were stained using diamino-

benzidine immunohistochemistry. Multiple images of dif-

ferent perivascular cuffs were acquired and the areas

calculated by the Axion Image software (Zeiss). Within

the cuffs, our double-immunofluorescence data demon-

strate that only cells with T-cell morphology label for

Table 1. Cryostat MS Lesions

Case Block Sample type Disease
Age

(years)

Disease
duration
(years) MS type Cause of death

1 Acute MS 29 8 Secondary progressive Bronchopneumonia
2 A Acute MS 54 16 Primary progressive Myocardial infarct
3 A Acute MS 40 9 Secondary progressive Bronchopneumonia
4 A Acute MS NA NA NA NA
4 B Acute MS NA NA NA NA
5 Chronic active MS 65 25 Secondary progressive Bronchopneumonia
6 Chronic active MS 46 22 Secondary progressive Bronchopneumonia
7 Chronic active MS 59 20 Secondary progressive Bronchopneumonia
8 Chronic active MS 51 10 Secondary progressive Bronchopneumonia
2 B Chronic active MS 54 16 Primary progressive Myocardial infarct
2 C Chronic active MS 54 16 Primary progressive Myocardial infarct
9 Inactive MS 46 22 Secondary progressive Bronchopneumonia

10 Inactive MS 67 29 Secondary progressive Bronchopneumonia
11 Inactive MS 71 32 Secondary progressive Bronchopneumonia
2 D Inactive MS 54 16 Primary progressive Myocardial infarct

12 Inactive MS NA NA NA NA
13 NAWM MS 42 6 Primary progressive Bronchopneumonia
3 B NAWM MS 40 9 Secondary progressive Bronchopneumonia

14 NAWM MS 39 NA NA Pulmonary embolism,
pneumonia

15 Control 75 CVA, aspiration pneumonia
16 Control 35 Carcinoma of the tongue
17 Control 73 Aortic aneurysm
18 Control 49 Myocardial infarct

NAWM, normal appearing white matter; NA, not available.
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IL-17. The numbers of CD3� (T-cell marker) and IL-17�

cells with such morphology were counted by eye within

the predefined area of each perivascular cuff and the

density expressed as cells/mm2. In each lesion, three to

six cuffs with a total area �2 � 105 �m2 were counted. A

second blinded observer counted the number of CD3�

and IL-17� cells from a representative number of lesions

of various activities, differences being �4% between ob-

servers. To investigate IL-17 protein co-localization with

CD4� and CD8� T cells, multiple images were acquired

using a confocal microscope (Bio-Rad, Hercules, CA).

For counting percentages of CD3�, CD4�, and CD8�

cells in lesion areas of different activity, multiple images

were taken from all of the cuffs, and their cells counted

using ImageJ software (National Institutes of Health, Be-

thesda, MD).

Statistical Analysis

Statistical significance was calculated using Student’s

t-test for unequal variances and analysis of variance with

multiple comparisons as appropriate. Data are presented

as mean � SEM. *P � 0.05 denotes statistically signifi-

cant differences.

Results

T cells, Astrocytes, and Oligodendrocytes

Preferentially Express IL-17 in Active Areas of

MS Lesions

To assess potential contributions of IL-17 in the patho-

genesis of MS, we compared the expression of its

mRNA and protein in acute, chronic active, and inac-

tive MS lesions and in NAWM and control brain tissue.

Using a specific anti-sense riboprobe, we detected

increased expression of IL-17 mRNA within active ar-

eas of acute lesions and in the borders of chronic

active lesions relative to inactive areas of chronic ac-

tive lesions (Figure 1A) and NAWM. Interestingly, the

morphological characteristics and relative distribution

of the cells suggested that IL-17 mRNA was expressed

in T cells (Figure 1B), astrocytes (Figure 1C), and

oligodendrocytes24 (Figure 1D). Moreover, within all

lesions examined, there was a consistently higher level

of IL-17 expression within all cell types identified in

active areas of MS lesions (acute and chronic active

lesion borders) than in inactive areas or control tissue

(Figure 1A and data not shown).

To investigate the production of IL-17 protein in im-

mune and glial cells, we used double immunofluores-

cence. We found that, within acute or active borders of

chronic active lesions, T cells (CD3�; Figure 2, A–C),

astrocytes (GFAP�; Figure 2, G–I), and oligodendrocytes

(CAII�; Figure 2, J–L) were also IL-17-positive. In con-

trast, microglia/macrophages (MHCII�; Figure 2, D–F)

showed no detectable immunoreactivity for IL-17. In con-

trol CNS tissue, astrocytes were only marginally IL-17�

(Supplementary Figure 1A, see http://ajp.amjpathol.org),

whereas their activated counterparts in NAWM from MS

patients showed greater IL-17 immunoreactivity than

control brains (data not shown); they were compared to

robust IL-17 immunostaining in acute lesions and at

chronic active lesion borders (Supplementary Figure 1, B

and C; see http://ajp.amjpathol.org). In inactive lesions,

no clear staining of astrocyte cell bodies was evident, but

the network of astrocytic processes stained positively for

IL-17 (Supplementary Figure 1D, see http://ajp.amjpathol.

org).

Figure 1. IL-17 mRNA expression in chronic active MS lesions. A: Low
magnification with light microscopy of IL-17 mRNA expression in a chronic
active lesion visualized by in situ hybridization with a specific probe for
IL-17. Dotted line denotes the edge of an active border. B–D: High-magni-
fication images of IL-17 mRNA expression in the active area of MS lesions
with perivascular cells consistent with T cells [arrowhead in B and in high
magnification (see inset)], parenchymal cells with astrocytic morphology
(arrowhead in C) and cells with characteristic oligodendrocyte sizes and
locations (arrowheads in D), all showing evidence of IL-17 mRNA expres-
sion. E: Negative control using the sense IL-17 riboprobe on a consecutive
section counterstained with toluene blue (arrow in E). The figure shows that
IL-17� cells are located predominantly at the active border of a chronic active
lesion (right side of dotted line in A), and that T cells (B), astrocytes (C), and
oligodendrocytes (D) express IL-17 mRNA. Scale bars � 30 �m.
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IL-17� T Cells Are Associated with Increased

Activity in MS Lesions

Because recent studies in animal models suggest an

important role for the highly proinflammatory TH17 cells in

the development of autoimmunity, we next focused on

their distribution within MS lesions. As in previous stud-

ies,25–28 we found significantly higher densities of T cells

especially within perivascular areas of acute lesions (Fig-

ure 3A) and active borders of chronic active lesions

(Figure 3C) (2631 � 521 cells/mm2), but also within in-

active lesions (Figure 3G) and inactive areas of chronic

active lesions (Figure 3E) (1080 � 208 cells/mm2), than in

NAWM (Figure 3I) and control tissue (Figure 3K) (495 �

143 cells/mm2, P � 0.01; summarized in Figure 4A).

Consistent with this observation, we noted significantly

higher densities of IL-17� T cells within acute lesions

(Figure 3B) and active borders of chronic active lesions

(Figure 3D) (1687 � 284 cells/mm2) than in NAWM (Fig-

ure 3J) and control tissue (Figure 3L) (333 � 105 cells/

Figure 2. IL-17 production in inflammatory and glial cells in active areas of MS lesions. Double-immunofluorescence staining analyzed by confocal microscopy.
Staining for IL-17 (A, D, G, and J; green), CD3 (B; for T cells, red), MHC class II (E; macrophages/microglia, red), GFAP (H; astrocytes, red), or CAII (K;
oligodendrocytes, red) taken from active areas of an MS lesion. Overlays demonstrate expression of IL-17 in T cells (C; arrowhead demonstrates IL-17� T cells,
arrows demonstrate T cells negative for IL-17), astrocytes (I; arrowheads), and in oligodendrocytes (L; arrowheads), but not in macrophages/microglia, which
are IL-17-negative (F; arrows). Scale bars � 10 �m.
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mm2, P � 0.001). However, IL-17� T cells were nearly

10� less frequent within inactive lesions (Figure 3H) and

inactive regions of chronic active lesions (Figure 3F)

(198 � 92 cells/mm2) and in controls (Figure 3L) (P �

0.2). Again these analyses are summarized in Figure 4B.

Interestingly, there was a significantly higher proportion

of IL-17� T cells in acute lesions and active regions of

chronic active lesions (71.2 � 5%) than in inactive lesions

and inactive areas of chronic active lesions (24 � 9%,

P � 0.0005). Examination of NAWM and control brain

tissue demonstrated 69% and 63% of T cells were IL-

17�; however, the relative intensity of IL-17� immuno-

staining was weaker compared to IL17� T cells in active

MS lesions. In contrast to the abundance of IL-17� T cells

in active MS tissues, in nonreactive control lymphatic

tissue in T-cell areas, we found only 6 � 1.2% IL-17�

cells (we observed similar observations in tonsil and

lymph node tissue). We quantified proportions of T cells

expressing comparably high amounts of IL-17 to those

found in active MS lesions.

IL-17�CD4� and IL-17�CD8� T-Cell Subsets

Are Present in Active Regions of MS Lesions

We investigated IL-17 labeling of total (CD3�) T cells and

their CD4� and CD8� subsets in different MS lesions by

double immunofluorescence (Figure 5). Specifically, we

detected IL-17 in 79 � 7% of the T cells in acute lesions,

73 � 7% in active areas of chronic active lesions, 22 �

5% in inactive areas of chronic active lesions and 17 �

9% of the T cells in inactive lesions (Figure 5G). Interest-

ingly, not only CD4� (Figure 5, A–C) but also CD8� T

cells labeled for IL-17 in active MS lesions (Figure 5,

D–F). Moreover, consistently with its important proinflam-

matory roles, we observed significantly higher frequen-

cies of both CD4�IL-17� (89.2 � 10.8%) and CD8�IL-

17� (73.5 � 6.5%) T cells in acute than inactive lesions

(13.6 � 3.7%, P � 0.02) (16.0 � 7.4%, P � 0.001) (Figure

5G). Likewise, we noted a similar difference between

active borders and inactive central areas within chronic

active lesions (Figure 4B). We detected that active areas

are associated with a significantly increased proportion

Figure 3. IL-17 immunohistochemistry in perivascular cuffs from lesions with
different activity. Light microscopic analysis of A, C, E, G, I, and K: CD3
immunostaining on consecutive sections. B, D, F, and H: IL-17 immunostain-
ing in perivascular cells in MS lesions of different activity. A and B: Acute
lesion. C and D: Active border of a chronic active lesion. E and F: Inactive
center of a chronic active lesion. B, D, and F: The fibrillary staining beyond
the perivascular spaces represents immunostaining for IL-17 in the processes
of astrocytes. G and H: An inactive lesion is shown. I and J: CD3 and IL-17
immunostaining in NAWM from a case of MS. K and L: CD3 and IL-17
immunostaining in control brain. The figure shows more IL-17� perivascular
cells in the active (B and D) than the inactive (F and H) areas of the lesions.
Arrowheads in B and D indicate abundance of IL-17 cells, whereas J and L
indicate sparse IL-17� cells. All sections were counterstained with hematox-
ylin. Scale bar � 30 �m.

Figure 4. Density of IL-17� T cells in MS lesions of different activity. Quan-
titative analysis of perivascular CD3� (A) and IL-17� (B) T-cell density in
areas of MS lesions with different activity, in NAWM, and in control brain.
Histograms demonstrate a significantly higher density of T cells (A) and
IL-17� T cells (B) within perivascular active areas (acute lesions/active
border of chronic active lesions) than in inactive lesions/inactive areas of
chronic active lesions or NAWM and control tissue (n � 4). In contrast, there
is no significant difference in the density of IL-17� T cells within inactive
areas and control tissue. The proportion of T cells that are IL-17� was
significantly higher in active than inactive areas of chronic active lesions (P �

0.0005).
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of CD4�IL-17� (61.7 � 1.8%) and CD8�IL-17� (49.25 �

7.5%) T cells compared to the number of CD4�IL-17�

(13.6 � 3.7%, P � 0.002) and CD8�IL-17� (16.0 � 7.4%,

P � 0.03) T cells in inactive lesions. In control, nonreac-

tive lymphatic tissue 7.5 � 1.1% of the CD3� cells were

detected as IL-17� (Supplementary Figure 2, see

http://ajp.amjpathol.org).

FoxP3� T Cells Are Absent in MS Lesions

Taking into account recent data10 that FoxP3� T cells

accumulate in the CNS during EAE, in combination with

the fact that IL17� and FoxP3� have so far been shown

to exclude each other in T cells, we hypothesized that

FoxP3� T cells may be part of the IL-17� T-cell popula-

tion in inactive lesions. Interestingly, we did not detect

any FoxP3� T cells in either active (Figure 6, A–C) or

inactive areas of MS brains (Figure 6, D–F) nor in control

brains (Figure 6, G–I). However, we observed intense

FoxP3 staining in 9.2 � 2.45% of total T cells in nonre-

active lymph node tissue in T-cell areas (Figure 6, J–L),

which did not show any overlap with IL-17� cells (Figure

6, M–O).

Discussion

We show for the first time increased labeling for IL-17 in

both CD4� and CD8� T cells in active areas in MS

lesions, as well as in astrocytes and oligodendrocytes.

The clear correlation with IL-17 mRNA detected by in situ

hybridization argues strongly for active synthesis of IL-17

by all of these cell types (rather than mere uptake). Our

findings also suggest that there is a climate even in the

normal human CNS that favors IL-17 production, which

may influence pathogenetic processes in MS and may

also have implications for therapies.

The earlier literature on T cells in MS lesions showed

that both CD8� and CD4� T cells were more numerous in

lesions than in either control brains or NAWM in MS

brains, being especially frequent in acute lesions and in

the active margins of chronic active lesions than in inac-

tive lesions.25–28 This finding is confirmed in the present

study. The relative proportions of CD8� and CD4� T cells

differ between studies, some describing a predominance

of CD8� T cells25,27,28 and others of CD4� cells.26,29

These differences may reflect differing locations of cells

because CD4� cells are mainly found within perivascular

spaces and meninges and CD8� cells in both perivas-

cular spaces and the parenchyma.25,27,30,31

The present study casts new light on the nature of the

T cells populating MS lesions. One main finding is the

abundance of IL-17� T cells in perivascular spaces in

acute and chronic active MS lesions, where they ac-

counted for the majority of CD3� cells (Figure 3, A–D). In

contrast, in inactive lesions, they constituted a much

smaller percentage of the less frequent CD3� cells (Fig-

ure 3, G and H; and Figure 5G). The large numbers of

IL-17� T cells we found in both active and chronic active

lesions implicate the cytokine IL-17 not only in initiating

lesions but also in their persistence.

A second important finding is that, in double-labeling

experiments, IL-17� cells are found to constitute a rather

high proportion of both CD4� and CD8� T cells (Figure

5). This is in contrast to EAE in which IL-17� cells are

reported to be mainly CD4� (ie, TH17).3 In fact, in cul-

tured human cells, IL-23 polarized more naı̈ve CD8� than

CD4� T cells into IL-17� cells.32 However, in healthy

human peripheral blood,33 only CD4� and not CD8� T

cells have been shown to produce IL-17. Possibly, pro-

duction of IL-17 in CD8� T cells may be a distinctive

feature of the human brain microenvironment. Because

CD8� T cells are predominantly found in the CNS paren-

chyma whereas CD4� T cells remain primarily in the

perivascular regions,31 these findings support a domi-

nant action of CD8� T cells in actual tissue destruction in

contrast with an initiating role for CD4� T cells.34

The high proportion of T cells with IL-17 in NAWM and

control brains suggests either preferential homing or in-

duction in the CNS, and may reflect a bias in the inductive

cytokines normally available there. Indeed, there are sev-

eral known factors in the MS lesion environment that

Figure 5. IL-17� in CD4� and in CD8� T cells. Confocal microscopy, high-
magnification image from an inflammatory cuff, demonstrating a single cell.
A and D: IL-17 staining (green); B: CD4 staining (red); E: CD8 staining (red).
C and F: Overlays show production of IL-17 in CD4� T cells (arrowhead in
C, yellow) and in CD8� T cells (arrowhead in F, yellow). G: Bars demon-
strate higher frequency of IL-17� both in CD4� and CD8� T-cell subsets
within active lesions and in active borders of chronic active lesions. In
contrast, in inactive areas of inactive and chronic active lesions there is a very
low frequency of IL-17� CD4� (P � 0.002) and CD8� (P � 0.03) T cells.
Scale bar � 10 �m.
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might be expected to favor such recruitment and/or dif-

ferentiation of IL-17� T cells. They include the cytokine

IL-23, which is expressed by dendritic cells and macro-

phages/microglia cells in MS lesions.35 In addition, after

CNS injury or inflammation, astrocytes respond with hy-

pertrophy, hyperplasia, and increased production of IL-6

and IL-1�, which are also found to be increased in MS

lesions.36,37 In combination with additional inflammatory

Figure 6. FoxP3� T cells are absent in MS lesions. Double-immunofluorescent staining, analyzed by confocal microscopy. A, D, G, and J: staining for CD3 (red)
and B, E, H, and K: FoxP3 (blue). C, F, and I: Overlays demonstrate that FoxP3 is not expressed in CD3� cells in perivascular cuffs from acute (C) and inactive
(F) MS lesions and control brain (I). L: Overlay demonstrates in lymph nodes that some T cells express FoxP3. M: IL-17� (green) and N: FoxP3� (blue) cells.
O: Overlay demonstrates absence of FoxP3 expression from IL-17� cells (arrowheads demonstrate IL-17� cells and arrows demonstrate FoxP3� cells). Scale
bar � 10 �m.
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cytokines released by macrophages/microglia (IL-6, IL-

1�, and tumor necrosis factor-�), they could not only

divert the differentiation of activated or naı̈ve T cells en-

tering the inflamed CNS into an IL-17-producing pheno-

type but could also alter the astrocytes themselves in

an autocrine/paracrine manner in the active MS

lesions.38 – 40

This leads to the third major finding in the present

study; unexpectedly, many astrocytes and even some

oligodendrocytes were found to express IL-17 mRNA and

protein in active MS lesions (Figure 2, I and L). Indeed,

IL-17 immunostaining was abundant in the highly acti-

vated astrocytes in acute lesions and in the borders of

chronic active lesions (Supplementary Figure 1, B and C;

see http://ajp.amjpathol.org), but was barely detectable in

astrocytes in control brain. In inactive lesions, staining of

astrocyte cell bodies was difficult to detect but there was

a network of astrocytic processes stained positively for

IL-17. The fact that in inactive parts of the lesions we

could detect IL-17 immunoreactivity in astrocytic pro-

cesses but not in cell bodies could be attributable to the

ability of astrocytes to act as scavenger cells.41

Expression of IL-17 in astrocytes may explain the

marked up-regulation of the IL-17 gene noted in microar-

ray studies of chronic MS lesions.22 Indeed, not only was

IL-17 mRNA detected in an earlier study in astrocytes

cultured from adult donors in a gene array analysis,37,42

but it was also up-regulated after treatment with tumor

necrosis factor-� or IL-1�, but not, interestingly, with in-

terferon-�.43 Again, this agrees with the known polariza-

tion of TH17 cells by such proinflammatory cytokines as

IL-6, tumor necrosis factor-�, and IL-1�.14,15 We propose

that similar combinations of cytokines can also induce

astrocytes (or even oligodendrocytes) to produce IL-17,

which might amplify chronic inflammatory responses in

the CNS.

Recently, IL-17-producing human CD4� T cells have

been found to express the chemokine receptors CCR4

and CCR6.33 Interestingly, the CCR6 agonist CCL20 has

been implicated in priming pathogenic T cells in EAE.44

In addition, CCL20 is up-regulated by IL-17.45 In fact,

CCL20 has been shown to be elevated in peripheral

blood mononuclear cells46 in MS patients and also in

astrocytes in MS lesions.47 Thus, IL-17 produced by

CNS-infiltrating CD4� and CD8� T cells and activated

astrocytes may trigger a positive feedback that further

attracts not only TH17 but also TH1 cells.48

Furthermore, in EAE, it has been shown that FoxP3�

regulatory T cells play a critical role in controlling immune

responses. Although they are present in the CNS of EAE

animals, they are unable to inhibit pathogenic T cells at

the site of inflammation.10 This finding is again in contrast

to what we detected in MS because we were unable to

detect any FoxP3� T cells in MS brains (Figure 6). In MS,

regulatory CD4�CD25� T cells are present in normal

numbers in the peripheral blood, but they show impaired

function in comparison with control individuals.49 There-

fore, if functionally impaired regulatory T cells are rele-

vant to MS pathogenesis they must be exerting their

influence outside the CNS.

Although there are significant differences between MS

and EAE,50 our findings now implicate IL-17-producing T

cells in human MS just as others have shown in EAE. In

addition, we find IL-17 production by many CD8� T cells

and astrocytes and some oligodendrocytes, which spot-

light IL-17 as a critical cytokine in MS. Exactly how it

exerts any pathogenic effects, and how well the mecha-

nisms are modeled in EAE, will require further studies.

However, it might be possible that IL-17� T cells are

particularly attracted to the CNS (in contrast to FoxP3� T

cells), or are expanded in the CNS, and that they release

products that are neurotoxic and/or lead to demyelina-

tion. Studying the arsenal of molecules released by IL-

17� T cells in MS patients will shed more light onto the

complex scene of MS pathology and might have major

implications for potential therapeutic intervention.
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