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Regulation of Experimental Autoimmune Encephalomyelitis with Insulin-like
Growth Factor (IGF-1) and IGF-1/IGF-binding Protein-3 Complex (IGF-1/IGFBP3)

Amy E. Lovett-Racke, Patrice Bittner, Anne H. Cross, Joseph A. Carlino, and Michael K. Racke
Department of Neurology, Washington University School of Medicine, St. Louis, Missouri 63110

Abstract

Insulin-like growth factor (IGF)-1 is a cytokine that pro-
motes oligodendrocyte development and myelin production.
This study investigated whether treatment of chronic, re-
lapsing murine experimental autoimmune encephalomyeli-
tis (EAE) with IGF-1 or IGF-1 associated with its binding
protein, IGFBP3, altered the course of disease. Administra-
tion of IGF-1/IGFBP3 (1-100 mg/kg per day) delayed the
onset of disease in a dose-dependent manner and histologic
examination showed a delay in inflammatory cells entering
the central nervous system. However, once signs of EAE de-
veloped, disease was enhanced in the mice that had been
given the highest dose of IGF-1/IGFBP3. Treatment with
IGF-1/IGFBP3 after the onset of signs resulted in a severe
relapse. Administration of free IGF-1 (10 mg/kg per day)
provided mild protection when given before disease onset,
but did not significantly alter the course of disease if given
after disease onset. Possible mechanisms that could explain
the altered disease in IGF-1/IGFBP3-treated mice included
(a) IGF-1/IGFBP3 administration delayed the onset of EAE
by downregulating ICAM-1 gene expression in the central
nervous system, and (b) IGF-1/IGFBP3 treatment of EAE
resulted in more severe disease due to enhanced expansion
of encephalitogenic T cells. Although IGF-1 may enhance
remyelination, these results indicate that administration of
IGF-1 associated with IGFBP3 may also accentuate au-
toimmune demyelinating disease. (J. Clin. Invest. 1998. 101:
1797-1804.) Key words: autoimmunity « multiple sclerosis «
growth factors « neuroimmunology

Introduction

Experimental allergic encephalomyelitis (EAE)! is an autoim-
mune disorder characterized by relapsing paralysis and central
nervous system (CNS) inflammation and demyelination, fea-
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tures reminiscent of the human disease, multiple sclerosis (1).
In mice, EAE can be induced in susceptible strains by the
adoptive transfer of myelin basic protein (MBP)-specific
CD47, class I MHC-restricted T cells into naive, syngeneic re-
cipients (2-4). Precise knowledge of the T cell receptor (TCR)
and encephalitogenic epitopes involved in EAE has led to a
number of therapeutic strategies that may have potential in the
treatment of human demyelinating diseases (5-9).

An alternative approach by our laboratory has been to ex-
plore potential therapies where the precise knowledge of TCR
and antigen is not essential, as knowledge of the components
of the trimolecular complex would be necessary to implement
these therapeutic strategies in human disorders. Specifically,
we have demonstrated that cytokines such as transforming
growth factor—8 and IL-4, which are important regulators of
inflammation, can be effective therapeutic agents in the EAE
model (3, 4).

Another approach to the treatment of inflammatory demy-
elination would be to treat with a cytokine or growth factor
that promotes remyelination. IGF-1 is such a molecule. IGF-1
is a single-chain polypeptide with structural homology to pro-
insulin that is produced by many tissues and is abundant in the
circulation. IGF-1 regulates the proliferation and differentia-
tion of many cell types (reviewed in 10, 11). IGF-1 is a potent
stimulator of myelination in vitro and a potent inducer of oli-
godendrocyte development (12-14). Transgenic expression of
IGF-1 resulted in increased brain growth and CNS myelina-
tion, whereas disruption of the IGF-1 gene resulted in reduced
brain size and CNS hypomyelination (15, 16). Interestingly, ex-
pression of IGF-1 and one of its binding proteins (IGFBP2) by
astrocytes in the CNS has been demonstrated in a number of
CNS injury models, including EAE (17-21).

Recent work has demonstrated that administration of IGF-1
can reduce the clinical deficits and lesion severity in the Lewis
rat model of EAE, a model which is predominantly monopha-
sic (18, 20). In addition to reducing clinical signs of disease,
synthesis of myelin proteins was enhanced after IGF-1 treat-
ment (20). Because IGF-1 administration can result in hy-
poglycemia through its interaction with insulin receptors, we
decided to study both IGF-1 and IGF-1 bound to its major se-
rum-binding protein, IGFBP3 in a chronic, relapsing model of
murine EAE. Systemic administration of IGF-1/IGFBP3 re-
sults in the binding of this complex to endogenous free acid la-
bile subunit, and increased circulation of this stable ternary
complex (22). Thus, when compared to systemic dosing of free
IGF-1, systemic dosing of IGF-1/IGFBP3 results in increased
systemic exposure to IGF-1, due to its longer circulating half-
life. However, binding of IGF-1/IGFBP3 to the acid labile
subunit slows the release of IGF-1 from the vascular compart-
ment, resulting in protection from side effects such as hypogly-
cemia (22).

In the present study, because cells of the immune system
also have receptors for IGF-1, we examined the effects of IGF-1
and IGF-1/IGFBP3 on immune cells in the EAE model. In
particular, we examined the effects of IGF-1 and IGF-1/
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IGFBP3 on antigen-specific T cell proliferation, cytokine se-
cretion, and its effects on clinical outcome in the EAE model,
a prototypic model of organ-specific autoimmunity. Further-
more, the adoptive transfer model of murine EAE was used in
these studies because it allows the investigation of both the ac-
tivation of encephalitogenic T cells in vitro and the mecha-
nisms involved in the production of EAE in vivo. Because
IGF-1 is being considered as a therapeutic agent for a number
of different pathological human conditions, including multiple
sclerosis, the results presented may have relevance for the
eventual use of IGF-1 in human diseases (18, 20, 23, 24).

Methods

Mice. (PL X SJL)F1 mice were obtained from The Jackson Labora-
tory (Bar Harbor, ME) at 4-6 wk of age. All mice were 8-10 wk old
when experiments were initiated. All procedures were performed un-
der an approved protocol in compliance with guidelines set by the
Animal Studies Committee of the Washington University School of
Medicine (St. Louis, MO).

Reagents. MBP was prepared from guinea pig spinal cords
(Rockland Inc., Gilbertville, PA) as previously described (25). The
human recombinant IGF-1 and IGF-1/IGFBP3 used in these studies
were produced in Escherichia coli using an inducible T7 RNA poly-
merase/translational coupler expression system and provided by Cel-
trix Pharmaceuticals (Santa Clara, CA; JAC) (26). Endotoxin levels
in both preparations were < 0.1 EU/ml. IGFBP3 was chosen as the
binding protein for these studies because it is the predominant
IGFBP in serum and because systemic administration of the IGF-1/
IGFBP3 complex has greater potency and fewer side effects than sys-
temic administration of IGF-1 alone (22).

Adoptive transfer of EAE. (PL X SJL)F1 mice were immunized
s.c. with 0.1 ml of an emulsion containing equal volumes of MBP (8
mg/ml in PBS) and CFA (Difco Laboratories, Detroit, MI), and after
10 d draining lymph nodes were harvested. Lymph nodes were ho-
mogenized into a single cell suspension and cultured (4 X 10° cells/ml)
for 4 d with MBP (25 pg/ml) in RPMI 1640 medium containing 10%
FBS, glutamine, nonessential amino acids, sodium pyruvate, 2-mer-
capto-ethanol, Hepes, and penicillin/streptomycin, as previously de-
scribed (2-4). After the culture period, MBP-activated lymph node
cells were washed, and injected intravenously (3 X 107 cells/0.2 ml
PBS) into naive, syngeneic recipients. Mice were examined daily for
signs of disease by a blinded examiner and graded on the following
scale: 0, no abnormality; 1, a limp tail; 2, moderate hind limb weak-
ness; 3, severe hind limb weakness; 4, complete hind limb paralysis; 5,
quadriplegia or premoribund state; 6, death (2-4).

Treatment of mice with EAE by IGF-1 or IGF-1/IGFBP3. Mice
were divided into treatment groups that included mice receiving ei-
ther IGF-1, IGF-1/IGFBP-3, or placebo at the doses and days indi-
cated in the tables and figure legends. Mice received two doses of re-
agent 8 h apart on the same day by intraperitoneal injection.

Lymphocyte proliferation. Proliferative responses were assessed
routinely on MBP-specific lymph node cells (LNC) by incubating
LNC (2 X 10° cells/well) with MBP (25 pg/ml), Con A (4 pg/ml), or
no antigen in the presence or absence of serial dilutions of IGF-1 or
IGF-1/IGFBP3. The cultures were maintained in 96-well flat-bot-
tomed microtiter plates (Falcon Plastics, Lincoln Park, NJ) for 4 d at
37°C in 5% CO,-air. The wells were pulsed with 0.5 wCi/well of
[*H]methyl-thymidine (Amersham Corp., Arlington Heights, IL) for
the final 16 h of incubation. Cells were harvested onto glass-fiber fil-
ters using a Tomtec (Orange, CT) 96-well cell harvester, and filters
were assayed for incorporated thymidine using a 1205 Betaplate lig-
uid scintillation counter (Wallac, Gaithersburg, MD). Results were
determined as arithmetic means from quadruplicate cultures.

Cytokine and adhesion molecule gene expression. For CNS tissue,
the brains and spinal cords were removed and total RNA extracted
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using TRIzol (Life Technologies, Grand Island, NY). For lympho-
cytes, RNA was extracted using TRIzol after 18 h of in vitro culture.
For each RNA sample, 2.5 pg was reversed transcribed using the
T-primed First-strand Ready-to-go kit (Pharmacia Biotech, Uppsala,
Sweden) with an additional 0.2 wg of random primers. ICAM-1,
VCAM-1, IFN-y, IL-2, IL-4, and IL-10 cDNA were amplified by
PCR using previously described oligonucleotide primers (27, 28). For
VLA-4 and LFA-1, the following primers and probes were used:
LFA-1 primers, 5'-GTCTCAGAGCTACAGGGTGACC-3' and
5'-CACCTCGTGCACTGGGATTTC-3', LFA-1 internal probe, 5'-
AGCAGGGTGCTGTGTACATCTTC-3'; VLA-4 primers, 5'-ACG-
CTGTTTGGCTACTCGGTGGT-3' and 5'-AGCTGGAGCTGT-
TCGCAGGTCT-3', VLA-4 internal probe, 5'-GCTCTCTAATGC-
CTCAGTGGTCAA-3'. The PCR reactions included 1/20 of each
cDNA sample, 5 pM of each primer, 200 wuM dNTPs (Perkin-Elmer,
Foster City, CA), and 1.25 U of Taq polymerase (Life Technologies
Inc., Gaithersburg, MD) in buffer supplied by the polymerase manu-
facturer in a final volume of 50 wl. The PCR conditions were 1 min at
94°C, 1 min at 55°C, and 1.5 min at 72°C for 25 (adhesion molecules)
or 30 cycles (cytokines). These conditions resulted in PCR products
that were below detection by ethidium bromide, and consequently
below the saturation point of the reaction. To control for the quantity
and quality of each cDNA sample, hypoxanthine phosphoribosyl
transferase (HPRT) gene expression was also determined for each
cDNA. Values for specific adhesion molecules and cytokines were
normalized to HPRT values. Amplified PCR products were detected
by Southern blot analysis using **P-labeled oligonucleotide probes
and the resulting signals were quantitated with a Phosphorimager
(Molecular Dynamics, Sunnyvale, CA).

Neuropathology. Anesthetized animals were perfused through
the left cardiac ventricle with 2.5% buffered glutaraldehyde, as de-
scribed (29). Briefly, CNS tissue was removed and ~ 1-mm slices
were made of all levels of the neuraxis. These were postfixed in cold
1% osmium tetroxide for 1 h, dehydrated in a series of ethyl alcohols,
and embedded in epoxy resin (EMBED 812; Electron Microscopy
Sciences, Fort Washington, PA). 1-um epoxy sections of tissue from
all groups were stained with toluidine blue and examined by light mi-
croscopy in a blinded fashion by a single observer (A.H. Cross). Sec-
tions were scored for inflammation, demyelination, remyelination,
and axonal necrosis, using a published scoring system (30).

Statistical methods. Treatment effects were assessed by using a
multivariate approach (Hotellings T?), which takes into account the
correlation across time in comparing the resulting curves, and by the
Mann-Whitney sum of ranks test (3, 4, 31). The Hotellings test ad-
dresses whether a treatment has had a significant effect on the course
of a relapsing disease, whereas the Mann-Whitney test addresses dif-
ferences in clinical score during the observation period.

Results

Prevention of EAE with IGF-1/IGFBP3. In our initial experi-
ments, we tested the amount of free IGF-1 and IGF-1/IGFBP3
that could be administered to (PL X SJL)F1 mice without any
observable signs of hypoglycemia. Published reports using
Lewis rats had demonstrated that doses of 3.0 mg/kg per day of
free IGF-1 were both safe and efficacious (18, 20). Our initial
pharmacodynamic studies showed that we could give 10 mg/kg
per day of free IGF-1 and 100 mg/kg per day of IGF-1/IGFBP3
to (PL X SJL)F1 mice in two daily intraperitoneal injections
without clinical signs of hypoglycemia (data not shown). Be-
cause approximately one-fifth of the molecular weight of the
IGF-1/IGFBP3 complex is due to IGF-1 itself, the 100 mg/kg
per day dose of the complex is the molar equivalent of 20 mg/
kg per day of free IGF-1.

We then addressed the effects of IGF-1 and IGF-1/IGFBP3
administration on (PL X SJL)F1 mice in a relapsing model of
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treatment groups were significantly different by
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EAE. In initial studies, IGF-1/IGFBP3 was administered to
mice for either 17 or 20 d after the adoptive transfer of enceph-
alitogenic T cells (Fig. 1). With the administration of IGF-1/
IGFBP3, the onset of EAE was inhibited in a dose-dependent
manner. As seen in Fig. 1 A, mice that received the highest
dose of IGF-1/IGFBP3 (100 mg/kg per day) were protected
from the onset of disease for 8 d, compared to mice receiving
placebo. However, this group developed a much more severe
clinical disease once signs of disease did occur (Fig. 1 A). A
similar experiment demonstrated exacerbation of late disease
at all doses tested, in a dose-dependent fashion (Fig. 1 B). In
agreement with the clinical scores, mice receiving the highest
dose of IGF-1/IGFBP3 maintained their body weight for a
longer period of time than mice receiving placebo or lower
doses of IGF-1/IGFBP3, consistent with the known anabolic
effects of IGF-1. However, upon developing clinical signs of
EAE, these mice lost weight (Fig. 1 C).

Histologic examination of mice receiving IGF-1/IGFBP3.
Mice from the experiments shown in Fig. 1 were killed and un-
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40 similar cumulative disease scores over the period
of observation.

derwent histopathologic examination. Mice that received the
highest doses of IGF-1/IGFBP3, all of which had delayed on-
set of disease, showed minimal infiltration of the CNS by in-
flammatory cells before the onset of clinical signs of disease
(Fig. 2, A and C; Table I). However, animals receiving this
same treatment regimen (100 mg/kg per day) went on to de-
velop severe EAE, and these mice exhibited increased inflam-
mation, demyelination, and axonal necrosis compared to mice
receiving lower doses of IGF-1/IGFBP3 or placebo (Fig. 2, B
and D; Table I, Exp. 1, 49 days post transfer (DPT); Exp. 2, 31
DPT).

Comparison of IGF-1 and IGF-1/IGFBP3 in both the
prevention and treatment of EAE. Because administration of
IGF-1/IGFBP3 resulted in an accentuation of the clinical signs
and pathology of EAE, although delayed, experiments were
performed in which free IGF-1 and IGF-1/IGFBP3 complex
were administered in equimolar amounts. Administration of
free IGF-1 (10 mg/kg per day) from days 0-7 did provide mild
protection, whereas IGF-1/IGFBP3 (50 mg/kg per day) did not
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Figure 2. Representative 1-pm
CNS sections from IGF-1/
IGFBP3-treated and control-
treated mice stained with tolui-
dine blue. All X42. (A) (PL X
SJL)F1 mouse at 10 DPT (clini-
cal grade 2), treated with pla-
cebo for previous 10 d. Anterior
aspect of section taken from the
lumbar spinal cord region shows
extensive inflammation and
some demyelination. (B) (PL X
SJL)F1 mouse at 49 DPT (clini-
cal grade 3), treated with pla-
cebo from 0-20 DPT. A mild
degree of Wallerian degenera-
tion is noted within the postero-
lateral columns. There was also
meningeal and perivascular in-
flammation within the posterior
columns, not shown in this view.
(C) (PL X SJL)F1 mouse at 10
DPT (clinical grade 0), treated
with IGF-1/IGFBP3 for previous
10 d at 100 mg/kg per day. A sec-
tion of the anterior and antero-

lateral columns at the lower lumbar level shows normal spinal cord anatomy without inflammation, demyelination, or axonal loss. (D) (PL X
SJL)F1 mouse at 49 DPT (clinical grade 3), treated with IGF-1/IGFBP3 (100 mg/kg per day) from 0-20 DPT. A section from the lower lumbar
spinal level (same region as in B) shows a large demyelinated region, meningeal and perivascular inflammation, and numerous lost axons.

Table I. Histopathology of IGF-1/IGFBP3 Treated Mice*

Dose Axonal
Exp. DPT (mg/kg per day) Inflammation Demyelination Remyelination necrosis

1 13 +4++ + 0 ++
1 ++ + + +
10 +# + 0 +
100 0 0 0 0
49 0 +4++ +++ 0 +++
1 +4++ ++ ++ ++
10 ++ ++ + ++
100 ++ +++ + +4++
2 10 0 ++ + 0 +
1 + 0 0 0
10 + + 0 0
100 + + 0 0
31 0 ++ ++ + ++
1 ++ ++ + ++
10 ++ ++ + +4++
100 +++ +++ + +4++

*Mice received 3 X 107 MBP-specific LNC on day 0 and then received
17 d (Exp. 1) or 20 d (Exp. 2) of IGF-1/IGFBP3 at the dose indicated (0 =
placebo control). Mice were killed on the day indicated and underwent
histologic examination. The extent of demyelination, remyelination, or
axonal necrosis was graded according to the following scoring system:
—, no demyelination, remyelination, or axonal necrosis; *, a few, scat-
tered, affected axons; +, small groups of affected axons; ++, large
groups of affected axons; +++, confluent foci of demyelination, remy-
elination, or axonal necrosis (30). *Inflammation, demyelination, and
axonal necrosis were noted only in the lumbosacral cord. The rest of the
CNS was free of inflammation.
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provide significant clinical benefit (Fig. 3 A). Interestingly, re-
peating the same doses after the onset of clinical signs of dis-
ease (days 12-20) resulted in a dramatic relapse in mice receiv-
ing the IGF-1/IGFBP3 complex, whereas mice receiving free
IGF-1 had a similar disease course compared to mice that had
received placebo (Fig. 3 B).

Effects of free IGF-1 and IGF-1/IGFBP3 on proliferation,
cytokine production, and encephalitogenicity of MBP-specific
LNC. Because T cells are known to have receptors for IGF-1
(32, 33), experiments were performed to examine whether
IGF-1 or IGF-1/IGFBP3 had any effects on the development
of encephalitogenic precursors in vitro. Both IGF-1 and IGF-1/
IGFBP3 enhanced the proliferation of MBP-specific LNC,
with the IGF-1/IGFBP3 complex doing so more effectively at
higher doses (Fig. 4). Examination of the gene expression of
several cytokines implicated in the pathogenesis of EAE and
lymphocyte differentiation showed that the presence of IGF-1
or IGF-1/IGFBP3 did not alter the lymphokine-secreting phe-
notype of the MBP-specific LNC (Fig. 5). These data support
the concept that the exacerbation of EAE in mice receiving
the high dose of IGF-1/IGFBP3 may be due to the expansion
of encephalitogenic T cells in vivo.

Although culture of MBP-specific LNC, with either free
IGF-1 or IGF-1/IGFBP3 alone, mildly enhanced proliferation
in the absence of antigen, it was not sufficient to activate most
encephalitogenic precursors in vitro, based on disease-induc-
ing effect (Table II). However, activation of MBP-specific
LNC with antigen in the presence of either free IGF-1 or IGF-
1/IGFBP3 did not inhibit encephalitogenic potential. In the
case of free IGF-1, the encephalitogenic potential of MBP-spe-
cific LNC may actually have increased, as two of the three
mice receiving LNC cultured with MBP and free IGF-1 died



Figure 3. Comparison of IGF-1 and IGF-1/

IGFBP3 treatment in EAE. Activated LNC from
B MBP/CFA-immunized mice were transferred into

naive recipients at day 0. Mice received free IGF-1
(10 mg/kg per day), IGF-1/IGFBP3 (50 mg/kg per
day), or placebo on the days indicated. These
doses represent equimolar amounts of IGF-1.
Mice were monitored daily and a mean clinical
score was assigned for each group of five mice. No
significant difference was noted between IGF-1
and placebo-treated mice by Hotellings analysis.
In B, both IGF-1/IGFBP3 groups are significantly
different from placebo by Hotellings T? analysis
(P <0.05). In A, using Mann-Whitney sum of
ranks analysis, free IGF-1 provided significant
clinical benefit compared to placebo (P = 0.0001),
whereas IGF-1/IGFBP3 showed no benefit. In B,
there was no significant difference between free
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from severe EAE, whereas no mortality was observed in any
of the other treatment groups. On the other hand, disease on-
set was delayed mildly in mice receiving MBP-specific LNC
cultured in the presence of MBP and IGF-1/IGFBP3 (Table II).

Delay in onset of EAE after IGF-1 or IGF-1/IGFBP3 cor-
related with inhibition of ICAM-1 expression in the CNS. Be-
cause application of IGF-1 or IGF-1/IGFBP3 complex to
MBP-specific T cells in vitro did not eliminate the ability of the
T cells to enter the CNS and cause disease, experiments were
performed to examine whether IGF-1 or IGF-1/IGFBP3 af-
fected the expression of adhesion molecules in the CNS. Ad-
ministration of either IGF-1 or IGF-1/IGFBP3 inhibited the
expression of ICAM-1 in the spinal cord, yet did not affect the
expression of VCAM-1 (Fig. 6). This suggested that inhibition
of ICAM-1 expression on CNS endothelium may have played
a role in the delay of clinical signs of disease and inhibition of
inflammation early in the course of disease by high doses of
IGF-1/IGFBP3 (Fig. 1, Table I). The ability of IGF-1 or IGF-1/
IGFBP3 to alter adhesion molecule gene expression by en-
cephalitogenic T cells in vitro was also examined. No signifi-
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0 IGF-1 and placebo, whereas IGF-1/IGFBP3 given
on days 12-20 significantly worsened disease (P =
0.043) using Mann-Whitney analysis.

cant alteration in gene expression for LFA-1 and VLA-4, the
ligands of ICAM-1 and VCAM-1, was noted (data not shown),
suggesting that the IGF-1/IGFBP3 administered only affected
adhesion molecule expression in the target organ, the CNS.

Discussion

We examined the effects of IGF-1 and IGF-1/IGFBP3 in a
chronic, relapsing model of murine EAE. Prior studies in the
Lewis rat model of EAE had demonstrated that administra-
tion of free IGF-1 at doses of 0.6 and 3.0 mg/kg per day re-
sulted in a more rapid recovery from paralysis and this effect
was dose-dependent (18, 20). Because there were several lines
of evidence to show that IGF-1 might promote remyelination,
the investigators showed that IGF-1 administration resulted in
increased expression of myelin-related proteins, suggesting
that increased remyelination may be one mechanism for the
observed clinical benefit (20). However, another observation
in those studies was that the number of lesions and lesion area
was reduced in rats that had received IGF-1 (18). Because
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Figure 4. Effect of IGF-1 and IGF-1/IGFBP3 on MBP-specific LNC
proliferation. LNC from mice immunized with MBP/CFA were stim-
ulated with MBP (25 pg/ml) for 4 d in the presence of the indicated
concentrations of IGF-1 or IGF-1/IGFBP3. Note that at each concen-
tration, free IGF-1 represents a fivefold molar excess of IGF-1 when
compared to the amount of IGF-1 present in IGF-1/IGFBP3. Bars in-
dicate mean cpm of quadruplicate cultures. The cpm for unstimulated
cells were 2,950£838. SEM was < 15% of the mean. Data are repre-
sentative of several independent experiments.

IGF-1 receptors are also expressed by lymphocytes and brain
capillary endothelium, the possibility existed that IGF-1 ex-
erted its clinical effect through its actions on cells other than
oligodendrocytes, the cells which make CNS myelin (12-14,
32-34). In the present study, we have addressed the question
of whether IGF-1 or IGF-1/IGFBP3 exerts an effect on EAE
at those sites.

Treatment with the IGF-1/IGFBP3 complex delayed onset
of disease in a dose-dependent manner (Fig. 1). Histopatho-
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Table II. Transfer of EAE by MBP-specific LNC Is Not
Inhibited by In Vitro Culture with IGF-1 or IGF-1/IGFBP3*

Inci- Peak clinical
In vitro treatment dence Day of onset? disease®
MBP 5/5 6,7,7,1,8 44444
MBP + IGF-1 (20 pg/ml)  3/3 7,6,7 4,6,6
MBP + IGF-1/IGFBP3
(10 pg/ml) 6/6 7,9,10,10,13,27 233444
MBP + IGF-1/IGFBP3
(100 pg/ml) 7/8  9,10,10,11,12,13,13 4,4,4,43,32,0
Free IGF-1
(20 pg/ml) 0/2 — 0,0

IGF-1/IGFBP3

(100 pg/ml) 1/6 20 2,0,0.0,0,0

*LNC from MBP/CFA-immunized animals were stimulated for 5 d in
the presence of MBP (25 pg/ml) where indicated and the concentrations
of IGF-1 or IGF-1/IGFBP3 indicated. Each mouse received an injection
of 3 X 107 cells intravenously and then were monitored daily for clinical
signs of EAE. *The day of disease onset for each individual mouse is
shown. The highest clinical score reached by each individual mouse is
shown.

logic examination of these animals demonstrated that there
was a lack of inflammation in the CNS of animals that had not
yet developed disease, suggesting that the protective effect of
IGF-1/IGFBP3 was related to the prevention of disease-caus-
ing cells from entering the CNS (Fig. 2; Table I). This observa-
tion would be in agreement with that made in the Lewis rat
model, where IGF-1 reduced lesion number and area (18).
However, mice that received IGF-1/IGFBP3 eventually devel-
oped severe clinical disease, with the mice receiving the high-
est dose of the complex exhibiting the most severe disease
(Fig. 1). This suggested that administration of IGF-1/IGFBP3
also had effects which potentiated an immune response. There
is evidence which suggests that administration of IGF-1 and

Figure 5. Cytokine gene
expression after 18 h of
culture by MBP-specific
LNC cultured with MBP
(25 pg/ml) and/or IGF-1
(20 pg/ml) or IGF-1/

B IGFBP3 (100 pg/ml).
Results are expressed as
relative cytokine gene ex-

MBP
MBP+IGF-1

IGF-1 pression for IFN-vy, IL-2,

MBP+IGF-1/IGFBP3
IGF-1/IGFBP3

IL-4, and IL-10 for the
conditions indicated in
the legend. Cytokine
gene expression was nor-
malized to HPRT values
and represents the in-
crease in mRNA com-
pared to unstimulated
MBP-specific LNC.
Data from two indepen-
dent experiments are
shown.
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Figure 6. Adhesion molecule gene expression in the CNS in mice
with passive transfer EAE. In A, relative levels of ICAM-1 and
VCAM-1 gene expression in the CNS were determined at 11 DPT,
with mice receiving IGF-1/IGFBP3 (50 mg/kg per day) or placebo for
10 d. In B, pre-EAE samples were taken from mice 5 DPT, before
clinical signs of disease. Other mice received either IGF-1 (10 mg/kg
per day), IGF-1/IGFBP3 (50 mg/kg per day), or placebo for 7 DPT,
and tissues were sampled 8 DPT. Gene expression of adhesion mole-
cules was normalized to HPRT. In both experiments, only mice that
had received placebo began to exhibit clinical signs of disease.

other cytokines potentiates their effects in vivo when adminis-
tered as a cytokine—antibody complex, thus administration of
IGF-1 bound to its binding protein may enhance its in vivo ac-
tivity through similar mechanisms (35-37).

However, the possibility exists that IGF-1 or IGF-1/
IGFBP3 administration may alter other regulatory mecha-
nisms that occur in EAE. For example, sudden withdrawal of
dexamethasone, a glucocorticoid which inhibits inflammation,
can exacerbate EAE in Lewis rats if the steroid taper is not
gradual (38). The present study did not examine whether IGF-1
or IGF-1/IGFBP3 altered endogenous glucocorticoid levels,
which might be one of several mechanisms for how IGF-1/
IGFBP3 affects the clinical course of EAE.

To evaluate the effects of IGF-1 or IGF-1/IGFBP3 on lym-
phocytes, we performed antigen-specific proliferation assays
using MBP-specific LNC in the presence of these reagents
(Fig. 4). Addition of either IGF-1 or IGF-1/IGFBP3 enhanced
the proliferative response, consistent with prior studies which
had shown that IGF-1 increased thymidine incorporation by
mitogen-activated T cells (27, 28). In addition, activation of

Insulin-like Growth Factor Regulation of Autoimmune Encephalomyelitis

MBP-specific LNC in the presence of IGF-1 or IGF-1/IGFBP3
did not prevent their ability to transfer disease (Table II), alter
their cytokine phenotype (Fig. 5), or alter their expression of
relevant adhesion molecules such as LFA-1 and VLA-4 (data
not shown). These data suggest that delay in the onset of dis-
ease probably did not occur at the level of the encephalito-
genic T cell, but does suggest the possibility that administration
of IGF-1/IGFBP3 could enhance expansion of encephalito-
genic T cells in vivo, resulting in the later enhancement of dis-
ease in animals receiving the high dose of IGF-1/IGFBP3. Fu-
ture studies will address whether IGF-1 or IGF-1/IGFBP3
alters the ability of T cells to undergo antigen-induced pro-
grammed cell death or potentiates the phenomenon of epitope
spreading (39). It is also important to note that studies examin-
ing epitope spreading must be performed in the relapsing, mu-
rine model of EAE.

The above would suggest that IGF-1 or IGF-1/IGFBP3 was
acting at the level of the blood-brain barrier in preventing the
early inflammation in EAE. Prior work in the Lewis rat model
demonstrated not only decreased lesion size, but an actual de-
crease in the permeability of the blood-brain barrier in IGF-1-
treated rats (18). The present study also suggests that the delay
in onset of disease was reflected by a decrease or absence of in-
flammatory cells in the CNS (Fig. 2, Table I). That brain en-
dothelium expresses receptors for IGF-1 would also support
the possibility that IGF-1 prevented disease by acting at that
site (34). To investigate this further, we examined the gene ex-
pression in the CNS of two adhesion molecules implicated in
EAE pathogenesis, ICAM-1 and VCAM-1. Animals that re-
ceived IGF-1 or IGF-1/IGFBP3 had decreased expression of
ICAM-1 without an apparent effect on VCAM-1 (Fig. 6). Al-
though some investigators have suggested that the VLA-4/
VCAM-1 receptor-ligand pair is crucial for entry into the CNS
by lymphocytes, other adhesion molecules may also play a role
in the development of an inflammatory infiltrate in the CNS
(40, 41). The changes in ICAM-1 gene expression we observed
may merely reflect differences in inflammatory cell infiltra-
tion, but also provide further evidence of a mechanism for re-
tarded entry of inflammatory cells into the CNS in mice receiv-
ing IGF-1 or IGF-1/IGFBP3. The mechanism by which IGF-1
alters vascular permeability and adhesion molecule expression
is an area that will require further study.

The present study further highlights some of the important
differences between the rat and murine models of EAE when
evaluating therapeutic agents. Because the regulatory mecha-
nisms in the Lewis rat model are so profound as to prevent
most relapses from occurring, therapies need only be effective
for a short period of time. As demonstrated in this study, ther-
apies that initially appear beneficial may have dramatically dif-
ferent outcomes when used in a relapsing disease model.
These observations need to be considered when deciding
whether an agent such as IGF-1 or IGF-1/IGFBP3 should be
tested in a relapsing-remitting human disease such as multiple
sclerosis.

In summary, IGF-1 appeared to have more profound bio-
logic effects both in vitro and in vivo when delivered as part of
the IGF-1/IGFBP3 complex than as free IGF-1 alone. This
would suggest that binding of IGF-1 to its binding proteins
may not necessarily always antagonize the effects of IGF-1 as
others have proposed (34). This increase in bioactivity is most
likely due to an increase in its biologic half-life and that IGF-
binding proteins may be involved in IGF-1 transport across en-
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dothelial barriers in vivo (22, 34). Thus, understanding of the
pleiotrophic activities of a molecule such as IGF-1 may be en-
hanced when administered under such conditions of altered
pharmacokinetic properties, such as when it is bound to its
binding protein. These pleiotrophic activities should be consid-
ered before the treatment of conditions such as multiple scle-
rosis, which most likely has a variety of pathogenic processes
contributing to the final clinical outcome.
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