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Abstract Although it is well established that CD40 andlteration of their cytokine profiles. The production of
its ligand (CD40L) play pivotal roles in the developmemmterferon (IFN)y was markedly suppressed while that
of humoral immunity, their roles in cell-mediated immuef interleukin (IL)-4 enhanced. These results suggest that
nity and cell-mediated autoimmune diseases are not well40:CD40L interaction plays important roles in the
defined. We report here that CD40:CD40L interaction dfferentiation of autoreactive TH1 versus TH2 cells in
crucial for the development of experimental autoimmune/o, and that CD40L blockade is effective in preventing
encephalomyelitis (EAE), a prototype TH1-cell mediatealitoimmune encephalomyelitis.

autoimmune disease. Specific blockade of CD40L at the

time of immunization markedly suppressed the indkey words Costimulation - T lymphocyte - TH1/TH2 -
dence, mortality, day of onset, and clinical scores Atitoimmune disease - Encephalomyelitis

EAE in (PLJxSJL) F1 mice. Importantly, the disease

suppression was not associated with anergy or deletidsbreviations EAEExperimental autoimmune

of autoreactive T cells but was accompanied by a dragmcephalomyelitis ELISAEnzyme-linked

immunosorbent assayFN Interferon -IL Interleukin -
mAbMonoclonal antibody MBP Myelin basic protei

Introduction

The interaction between CD40 and CD40L plays pivotal
roles in the development of humoral immunity [1].
CDA40L deficiency leads to hyper-IgM syndrome in hu-
mans, a genetic immunodeficiency disease associated
with severely impaired humoral immune responses [2].
Deficiency in CD40L also affects cell-mediated immuni-
ty [2—4], and specific blockade of CD40L has recently
been shown to hamper the development of T cell re-
sponses in a number of systems [5-8]. It appears that
CD40:CD40L interaction may affect T cells directly
through CD40L-mediated signals [9] or indirectly by up-
regulating costimulatory molecules (such as B7) on anti-
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gen-presenting cells [5, 10, 11]. Whether any of these
mechanisms plays a role in cell-mediated autoimmune
diseases and in differentiation of different subsets of T
cells in vivo is not well understood.

Experimental autoimmune encephalomyelitis (EAE)
is a self-contained central nervous system disease which
is considered to be a putative animal model for human
multiple sclerosis. The disease can be induced in suscep-
tible strains of mice or rat by immunizing animals with
myelin antigens such as myelin basic protein (MBP) or
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proteolipid protein in complete Freund’s adjuvants. THell culture

immunization leads to differentiation of myelin-specifi lenocytes or lymph node cells, 181€ach, were cultured in
precursor T cells into_encephalitogenic TH1-type cefi$, mi of serum-free medium (X-vivo 20, Biowhittacker, Walk-
secreting interferon (IFNY; tumor necrosis factor, andersville, MD), containing various concentrations of MBP. Culture
interleukin (IL)-2. The commitment of myelin-specificsupernatants were collected 40 h later for cytokine assays. For
precursor T cals (wrich ae nonencephaltogenic and SIS ) LYo sy o s
present_ln all n_or_malllndIVIdua_Is) to the TH1 pathway r using a flatbed beta counter (Wallac, Gaithersburg, MD) [16].

T cell differentiation is essential for the development of

EAE since myelin-specific TH2 cells are not encephali- ,

togenic and are capable of suppressing EAE [12]. A fiatistical analysis

cent report by Gerritse et al. suggests that CDAOL bloglsease severity, day of onset and cytokine concentrations were all
ade in vivo suppresses EAE in SJL mice immunized wihalyzed by analysis of variance.

proteolipid protein peptide [13]. The mechanisms of this

disease suppression were not investigated, and the effect

of CD40L blockade on the development of encephalitResults

genic TH1 versus TH2 cells was unknown. We report

here that CD40L blockade dramatically alters the diffeeD40L blockade prevents experimental autoimmune
entiation of MBP-specific T cells in vivo and suppressescephalomyelitis

actively induced EAE in (SJLxPLJ) F1 mice.

To test the role of CD40L in the development of EAE we
studied the effect of CD40L blockade in (PLJxSJL) F1

Materials and Methods mice. As shown in Fig. 1 and Table 1, subcutaneous im-
munization of mice with MBP in complete Freund’s ad-
Mice juvants induced severe EAE. This was dramatically sup-

) pressed by intraperitoneal injection of 1A of anti-
Female (PLJxSJL/J) F1 mice, 6-8 weeks of age, were purchagednl mADb three times. Specifically, the incidence of

from Jackson Laboratory (Bar Harbor, ME) and were housed jn~ . :
the University of Pennsyl)\//zinia Animal Care)FaciIities. the disease was reduced from 91% in the control to 50%
Induction and clinical evaluation of EAE 4

Each mouse received (a) a subcutaneous injection on flank of
200 ug mouse MBP in 0.1 ml PBS emulsified in an equal volume
of complete Freund’s adjuvants containing 4 mg/ml mycobacteri- 3
um tuberculosis H37 RA (Difco, St. Louis, MO), and (b) an intra’g
venous injection of 200 ng pertussis toxin in 0.1 ml PBS. Mice r&
ceived a second injection of pertussis toxin (200 ng/mouse) 4&h - ——  Control Ig
later and were scored for EAE as follows: 0, no disease; 1, tail ga- — @—  Anti-CD40L
ralysis; 2, hind limb weakness; 3, hind limb paralysis; 4, hind limB
plus forelimb paralysis; 5, moribund. é}
1 -

Antigens, antibodies, recombinant cytokines, and ELISA

Mouse MBP was prepared from the brain tissue by a modified |

method of Deibler et al.1§4]; the purity of the MBP preparation 10 12 14 16 18 20 22 24 26 28 30 32
was confirmed by gel electrophoresis and amino acid analysis.
Hamster anti-mouse CD40L was purchased from TSD Bio (Ger- Days after immunization

mantown, NY). The following reagents were purchased from

PharMingen (San Diego, CA): purified rat anti-mouse IL-2 (clorféig. 1 CD40L blockade prevents EAE. Two groups of (PLIJxXSJL)
JES-1A12), IL-4 (clone BVD4-1D11), and IFN¢clone R4-6A2) F1 mice, six mice per group, were immunized for EAE as de-
monoclonal antibody (mAb); biotinylated rat anti-mouse IL-Bcribed in the text. Starting from the day of immunization, one
(clone JES6-5H4), IL-4 (clone BVD6-24G2), and I§Nelone group of mice received peritoneal injection of 1@hamster an-
XMG1.2) mAb; recombinant mouse IL-2, IL-4, IF{N-Quantita- ti-CD40L mAb once every other day for a total of three injections.
tive enzyme-linked immunosorbent assay (ELISA) for IL-2, IL-4Another group received hamster IgG as control. Mice were moni-
and IFNy were performed using paired mAbs specific for corraered for symptoms of EAE as described in the text. The experi-
sponding cytokines per manufacturer’s recommendations [15]. ments were repeated twice with similar results

Table 1 CD40L blockade pre-

vents experimental autoim- 1reatment Incidence Mortality Mean day of onset ~ Mean maximal score
mune encephalomyelitis. Mice (meanzSE)* (mean+SE)*

were treated as in Fig. 1 and

monitored for symptoms of  Control Ig 10/11 6/11 15.6+1.0 2.82+0.71

EAE; experiments were repeat- Anti-CD40L 3/6 0/6 20.7+4.3 0.67+0.49

ed twice with similar resuls
*P=0.028; **P=0.048
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Fig. 2 Histological examina- Control Ig Anti- CD40L
tion of the brain. Two groups of g smmeame & o ww ] . B o .
(SILxPLJ) F1 mice, three mice piius : ; . e

per group, were treated as in [l ¢ AR TR e 3 b -
Fig. 1. Thirty-three days after
immunization, mice were sacri-
ficed and their brains harvest-
ed. Brain cryosections (&m)
were stained with hematoxylin &
and eosin (original magnifica- {88
tion x200

in anti-CD40L treated group. Mortality was reduced 1500
from 55% to 0%. Mean maximal clinical score was re- PNy
duced from 2.82 to 0.67, and the mean day of onset was

delayed from 15.6 to 20.7 days. Consistent with the clin- 1000 ,
ical manifestations, histochemical analysis of the brain !
samples collected 33 days after the immunization re- 500
vealed drastic differences between the two groups: se-
vere inflammation and leukocyte infiltration were ob-
served in the control but not CD40L-treated animals

(Fig. 2).

! [0 Control Ig

Il Anti-CD40L

Cytokines (pg/ml)

CDA40L blockade prevents differentiation
of autoreactive TH1 but not TH2 cells

To test whether CD40L blockade alters the in vivo differ-
entiation of myelin-specific T cells we examined the cy-
tokine profiles of MBP-specific T cells ex vivo. As
shown in Fig. 3, MBP-specific T cells in spleen of im- 0 : : .
munized mice produced high levels of TH1 cytokine 0 50 100

IFN-y with little IL-4, which is consistent with the gener- Concentration of MBP (lg/ml)

ation of encephalitogenic TH1 cells. By contrast, MBP-

specific T cells in anti-CD40L-treated mice produced IiFéEfl-s T(\‘;V%“O:-OB"DSC';?%%EJ“:\@VE‘)S gft%?égntﬁrfez"'nlﬂggt g‘r)t Trc')"UZ
tle IFN-y but markedly enhanced IL-4. The max'murar‘ere treate% aspin Fig. 1. Splenocytes, Pﬁﬂls/well, we‘r)e C3|- .
amount of IFNy produced by splenocytes of the contr@{yred in 0.2 ml of serum-free medium with different concentra-
group was 1279 pg/ml, and this was reduced to 56 pgtiohs of mouse MBP. Culture supernatants were collected 40 h la-
in CD40L-treated mice. Surprisingly, more than a sixfoldr. and cytokine concentrations were determined by ELISA. The
increase in IL-4 production was observed in mice treat@periments were repeated twice with similar re-<ults

with anti-CD40L. These results suggest that CD40L

blockade dramatically alters the cytokine profile ahight also be produced by the splenocytes in the pres-
MBP-specific T cells in vivo. Of note is that the cytokinence of 50ug/ml MBP, the amount of IL-4 accumulated
ELISA employed here measures the amount of cytokimethe culture did not reach the detectable level (which
accumulated in the culture supernatant, not the toias 2 pg/ml for this assay) (Fig. 3). In addition to IiN-
amount of the cytokine secreted. Thus, although ILaféd IL-4, we also tested IL-10 and transforming growth
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Fig. 4 Effect of CD40L blockade on the proliferation and IL-ZFig. 5 Effect of CD40L blockade on the proliferation and cyto-
production of MBP-specific splenic T cells. Two groups ofine production of MBP-specific lymph node T cells. Two groups
(SJLxPLJ) F1 mice, three mice per group, were treated asofn(SJLxPLJ) F1 mice, three mice per group, were treated as in
Fig. 1. Ten days after immunization mice were killed and thdtig. 1. Thirty-three days after immunization mice were sacrificed
spleens harvested. For proliferation assays splenocytes,> 5xdid their inguinal lymph nodes harvested. For proliferation assays
cells/well, were cultured in 0.2 ml of serum-free medium with dymph node cells, 5x®0cells/well, were cultured in 0.2 ml of se-
without 50ug mouse MBP.3H]Thymidine was added 72 h later,rum-free medium with or without mouse MBRH|Thymidine

and radioactivity was measured an additional 16 h later. For Ilw2s added 72 h later, and radioactivity was measured an additional
production splenocytes, 1x36ells/well, were cultured in 0.2 ml 16 h later. For cytokine production lymph node cells, ¥x10
serum-free medium with or without 3@ of mouse MBP. Culture cells/well, were cultured in 0.2 ml serum- medium with or without
supernatants were collected 40 h later, and IL-2 concentration wasous concentrations of mouse MBP. Culture supernatants were
determined by ELISA. The experiments were repeated twice wibllected 40 h later, and cytokine concentration was determined by
similar result:= ELISA

factor in the culture supernatants. None of these cyto- MBP. Thus both TH1 cytokine production and thymi-
kines reached the detectable levels of our ELISA everdine incorporation were reduced in mice treated with an-
the presence of 10Qg/ml MBP [17] (Samoilova and ti-CD40L (Fig. 5); TH2 cytokine IL-4 did not reach de-
Chen, unpublished). tectable level in the lymph node cultures (data not
shown). These results strongly suggest that anti-CD40L
mADb does not induce systemic tolerance of encephalito-
genic T cells.
It is to be noted that, unlike IFand IL-4 which are

produced by polarized TH1 and TH2 cells, respectively,

. . . IL-2 can be produced by precursor T (THp) cells, THO
Anergy and deletion are important mechanisms of ?@'IIS as well gs TH1 celli.pMoreover, Il-'g{\&n%)lLA act
L

CDA40L blockade may not induce systemic tolerance
of MBP-specific T cells

ripheral tolerance, which are often characterized by dg:- ., ;< ~p: ; .
creased T cell proliferation and IL-2 production [18, 19 eﬁzswéfi];]lg;ﬁ]cet?rﬁafdr Tr:gyar?gt I%i;etgs-i- rg;?gg?:ﬁ?{:

To investigate whether these mechanisms play a rol : ; . :
anti-CD40L-mediated suppression of EAE we tested t F%\r/]\}tﬁo Oe;tfggzr;l' IjrlHi)r;'nl-(SZ#Eezaggugutzlsl rezqztilrci\dsfct))rott?]e
proliferative and IL-2 responses of MBP-specific T cel ’ :

in the spleen. To our initial surprise, anti-CD40L block-

ade had no effect on the in vitro proliferative activity : - ; :
: o 4 encephalitogenic TH1 cells in these animals. By con-
splenic T cells specific for MBP, and IL-2 prOdUCt'OIPr)ést, ILPZ proc?uction in anti-CD40L-treated miceywas

was not suppressed in anti-CD40L-treated anim . : ) : P
(Fig. 4). These results are consistent with previous ob%ﬁt associated with IFIy- suggesting that it is produced

= ) X imarily by THp or THO cells (Fig. 6), presumably as a
vations that T cells in CD40L treated animals may not P&, i+ of specific blockade of THL cell differentiation.
deleted or anergized [20]. In contrast to T cells in thé
spleen, MBP-specific cells in the lymph node that drains

the site of the immunization exhibited reduced reactivity

N-y and IL-2 are present in control mice immunized
ith MBP (Figs. 3, 4), IL-2 may be produced primarily
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CD40:CD40L As IL-2 can be produced by non-TH1 cells and as dele-
tion does not appear to occur after CD40L blockade, no
suppression of T cell proliferation is evident. As TH1
cells are important for both cellular and humoral immu-
nity, blocking TH1 cell differentiation affects the host's
ability to combat infections.

This theory argues against the notion that the effect of
anti-CD40L mAb may simply be blocking CD40:CD40L
interaction in vivo with no consequences on the subse-
quent T cell differentiation. To the contrary, it argues that
CDA40L plays indispensable roles in the commitment of
precursor T cells to TH1 lineage in vivo. Our observation
Fig. 6 Effect of CD40L blockade on T cell differentiation. Thehat MBP-specific TH2 cells are preferentially activated
differentiation of T cells from precursor (THp) to THO, TH1, and, anti-CD40L treated animals may have important rami-
TH2 types involves interactions among various cell surface moje- .. - .
cules and soluble mediators. CD40:CD40L interaction may pidgations for immunotherapy of autoimmune encephalo-
crucial roles in the commitment of THp cells to TH1 lineage Byiyelitis through CD40L blockade. Although not enceph-
upregulating IL-12 production (see text) alitogenic, myelin-specific TH2 cells may serve as nega-
tive regulators of encephalitogenic T cells and may help
ameliorate encephalomyelitis in an organ-specific, by-
stander manner [12].

Multiple sclerosis is a chronic inflammatory disease
Although initially identified as a costimulatory molecul®f the central nervous system characterized by focal lym-
for humoral immunity, evidence is accumulating thghocyte and macrophage infiltration which leads to de-
CD40L plays crucial roles in the development of cellulanyelination and loss of neurological functions. Although
immune responses. Deficiency in CD40L affects not otfte mechanisms by which this inflammatory process are
ly humoral immunity but T cell immune responses agitiated and regulated are not well understood, T cells
well [3, 4]. Injection of anti-CD40L mAb suppresses amecognizing myelin antigens may play an important role
timicrobial infections [7, 8], allograft rejection [6], TH1[29-31]. In acute multiple sclerosis plaques activated T
cell-mediated hypersensitivity [23], and collagen-ircells and macrophages secrete various inflammatory
duced arthritis [24]. A recent report suggests that CD40ytokines and express various surface markers important
also plays a role in intrathymic deletion under certaior T cell activation. Downregulation of the function of
circumstances [25]. Using a similar system, Gerritsetbese T cells by CD40L blockade may be effective in
al. recently showed that CD40L blockade prevents theeventing or ameliorating the disease. Future studies are
development of EAE in SJL mice immunized with praherefore needed to test this strategy in multiple sclerosis
teolipid protein peptide [13]. The exact mechanisnpatients.

whereby CD40L mediates these diverse functions in vivo
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ential blockade of TH1 cell differentiation and selective

activation of TH2 cells. These findings knit together a
number of recent observations concerning the mecga?

nisms of action of anti-CD40L mAb in vivo. On the on8€Terences

.hand’ unlike B7 blockade which often leads to SpECIfIE_ Hollenbaugh D, Ochs HD, Noelle RJ, Ledbetter JA, Aruffo A
immune tolerance [26], CD40L blockade does not ap- (1993) The role of CD40 and its ligand in the regulation of the
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IL-4

Discussion

[5, 10, 11]. On the other hand, CD40L blockade inhibits 'énbaugh D, Ledbetter JA, Noelle RJ, Aruffo A, Ochs HD
IL-12 production, and its in vivo effect can be reversed
by IL-12 injection [23, 27, 28]. We thus propose the fol-
lowing theory to explain the role of anti-CD40L in vivo 3.
(Fig. 6). CD40:CD40L interaction upregulates IL-12
production by monocytes which in turn enhances TH}
pathway while inhibits TH2 pathway of T cell differenti-
ation; blocking CD40L blocks TH1 pathway and allevi-
ates the inhibition of TH2 pathway. This leads to aCCL;r;
mulation of THO cells (and possibly activated THp cells”
as well) and overgrowth of TH2 cells. The end result is
reduced IFNy production and increased IL-4 secretion.
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