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Summary
Intercellular adhesion molecule-1 (ICAM-1) plays an important role in leukocyte trafficking,
induction of cellular immune responses, and immunological synapse formation. As a member of
the immunoglobulin superfamily of adhesion proteins, ICAM-1 is composed of repeating Ig-like
domains, a transmembrane domain, and short cytoplasmic tail that participates in intracellular
signaling events. At least seven ICAM-1 protein isoforms are generated by alternative splicing,
however little is known regarding their immunobiology. We have previously shown using
different lines of ICAM-1 mutant mice (Icam1tm1Jcgr and Icam1tm1Bay) that expression of
alternatively spliced ICAM-1 isoforms can significantly influence the disease course during the
development of EAE. In this study, we show using a newly developed transgenic mouse (CD2-
Icam1D4del/Icam1null) that T cell-specific expression of a single ICAM-1 isoform composed of Ig
domains 1, 2, 3 and 5, can mediate the initiation and progression of EAE. Our results indicate that
the ICAM-1 isoform lacking Ig domain 4 can drive pathogenesis in demyelinating disease and
may be a novel therapeutic target for treating multiple sclerosis.
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Introduction
Intercellular adhesion molecule-1 (ICAM-1, CD54), is a member of the immunoglobulin-
like (Ig) superfamily of adhesion proteins [1]. The full-length form of ICAM-1 contains five
extracellular Ig domains, although it’s now well-recognized that similar to several other Ig
domain superfamily members, this adhesion molecule undergoes alternative splicing leading
to the production of at least seven isoforms including a soluble protein [2–8]. Little is known
about the function, expression, and ligand binding specificity of these ICAM-1 isoforms.
Recent studies from our lab have demonstrated that ICAM–1 mutant mice expressing
different combinations of alternatively spliced isoforms (Icam1tm1Jcgr and Icam1tm1Bay),
develop experimental autoimmune encephalitomyelitis (EAE) with markedly different
severity [9–12]. These data indicate that these different ICAM-1 molecules are functional
and can play unique roles in inflammatory disease. Based on these findings, we reasoned
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that the increased severity of EAE observed in Icam1tm1Bay mice was primarily due to the
expression of ICAM-1 isoforms lacking domain 4 [12]. To assess this possibility, we
developed a transgenic mouse (CD2-Icam1D4del) with T cell-specific expression of an
ICAM-1 isoform composed of Ig domains 1, 2, 3 and 5. This transgene was then crossed
into the Icam1null background (CD2-Icam1D4del/Icam1null) allowing us to determine
whether a single alternatively spliced ICAM-1 isoform can modulate the development and
progression of EAE. Surprisingly, we found that CD2-Icam1D4del/Icam1null mice developed
EAE with comparable disease onset and severity to that of wild type mice. Our results
strongly suggest that the ICAM-1 isoform lacking Ig domain 4 can promote demyelinating
disease pathogenesis and may be a novel therapeutic target for treating multiple sclerosis.

Results and discussion
Generation and characterization of CD2-Icam1D4del/Icam1null mice

In previous studies using ICAM-1-deficient mice we found that alternatively spliced
ICAM-1 isoforms, like the full-length molecule, were functional and could promote the
development of EAE [12]. Furthermore, we observed markedly different EAE phenotypes
among the different lines of ICAM-1 mutant mice that were dependent on the specific
combinations of isoforms expressed [12]. Of particular interest was the observation that
Icam1tm1Bay mice developed severe EAE and that adoptive transfer of encephalitogenic
Icam1tm1Bay T cells induced fulminant disease even when transferred to Icam1null mice.
These data suggested that T cell-specific expression of the ICAM-1 splice variant composed
of Ig domains, 1, 2, 3, and 5 was critical for EAE development, although we could not rule
out potential contributions from other isoforms in mediating CNS inflammation. To
specifically analyze the T cell-specific roles of this ICAM-1 molecule and to determine it’s
disease-inducing potential; we generated a transgenic mouse line in which expression of this
isoform was driven by the CD2 promoter. First, a cDNA encoding for this isoform was
generated (Icam1D4del), sequenced-verified, subcloned into a FLAG-tag vector, and
expressed in 293 cells to verify the appropriate molecular weight (Fig. 1A). For comparison,
a full-length ICAM-1 cDNA was also subcloned into the same vector and expressed in 293
cells. Next, the Icam1D4del cDNA was subcloned into a CD2 cassette as described in
materials and methods (Fig. 1B) [13]. Transgenic mice were then generated (referred to as
CD2-Icam1D4del) and crossed with Icam1null mutants to obtain CD2-Icam1D4del/Icam1null

mice. Using flow cytometry we found that that 60–70% of CD8+ and CD4+ splenic T cells
isolated from CD2-Icam1D4del/Icam1null mice expressed this ICAM-1 isoform with lesser
expression on γδ T cells (22%) and minimal expression on B cells (~8%) and NK cells
(~17%) (Fig. 1C). B cell expression of this isoform is most likely not critical to the disease
phenotypes we report below since B cells are not required for disease development in MOG
peptide-induced EAE in C57BL/6 mice [14]. The role of NK cells in EAE remains
controversial with disease phenotypes in NK-depleted mice ranging from severe or fatal [15,
16] to mild EAE [17], neither of which is consistent with our results.

CD2-Icam1D4del/Icam1null mice develop robust active EAE
We first compared active EAE between wild type and CD2-Icam1D4del/Icam1null mice to
examine for differences in initiation and progression of disease. We observed that CD2-
Icam1D4del/Icam1null mice developed EAE almost identically to wild type mice (Fig. 2A and
Table 1; 12.2d vs. 11.4d). Overall disease severity in CD2-Icam1D4del/Icam1null mice was
less than that of controls, but the difference was not statistically significant (CDI of 53 vs.
65, ns, Wilcoxon signed rank test). There was no difference in disease incidence or mortality
between the two groups of mice (Table 1). We also performed T cell in vitro proliferation
assays to determine if the disease phenotype observed correlated with the proliferative
ability of these cells. T cells from CD2-Icam1D4del/Icam1null mice proliferated to a greater
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extent than those derived from wild type mice, however the difference was not significant
except at the highest dose of MOG used in the assay (Fig. 2B). These findings made in the
CD2-Icam1D4del/Icam1null mice are similar to what we previously observed in Icam1tm1Bay

mice, except that the EAE disease course observed in the latter mutants was more severe
than controls throughout the chronic phase of disease. In addition, the proliferative capacity
of Icam1tm1Bay mutant T cells was significantly higher than wild type cells [12, 18]. Taken
together, our results suggest that T cell expression of the isoform lacking Ig domain 4 alone
is sufficient for driving the development of active EAE and is likely a dominant disease-
inducing isoform in wild type mice.

Divergent EAE phenotypes in adoptive transfer using CD2-Icam1D4del/Icam1null mice
We next performed transfers of encephalitogenic T cells derived from CD2-Icam1D4del/
Icam1null mice to wild type mice and observed a significant delay in disease onset (17d vs.
8d, p=0.03, unpaired t-test) and in disease severity (CD1: 7 vs. 25, p<0.05, days 8 to 15,
Mann Whitney test) compared to wild type to wild type transfer controls (Fig. 2C and Table
1). These results were surprising since in previous studies we showed that transfer of
Icam1null T cells into wild type recipients resulted in little to no disease activity. In contrast,
transfer of encephalitogenic T cells from Icam1tm1Bay mice produced robust EAE that was
more severe than wild type transfers [12, 19]. The marked in vitro proliferation we observed
for CD2-Icam1D4del/Icam1null T cells (Fig. 2B) indicates that although the cells have a
strong proliferative capacity, additional signals they receive upon transfer to wild type mice
expressing all ICAM-1 isoforms may inhibit their encephalitogenic potential. Alternatively,
the CD2-Icam1D4del/Icam1null T cells, unlike the Icam1tm1Bay T cells, may be more
susceptible to wild type T regulatory cell suppression following transfer, which may lead to
lead an attenuated form of transferred EAE.

We next performed adoptive transfer studies in which wild type encephalitogenic T cells
were transferred to CD2-Icam1D4del/Icam1null mice. We observed that wild type T cells
were fully capable of inducing disease in CD2-Icam1D4del/Icam1null mice (Fig. 2D). There
were no significant differences in disease onset or severity, or during the acute and chronic
phases of disease between transfer of wild type cells to CD2-Icam1D4del/Icam1null mice and
control transfers from wild type to wild type mice (Table 1). These results parallel our
earlier findings in which transfer of wild type encephalitogenic T cells to Icam1tm1Bay mice
induced EAE similar to wild type control transfers [12] but are dramatically different than in
similar transfer experiments involving Icam1null mice as recipients [19]. These data provide
additional support for the role of the ICAM-1 splice variant composed of Ig domains, 1, 2, 3,
and 5 in disease induction and progression.

Here we demonstrate that a single alternatively spliced ICAM-1 isoform, expressed on T
cells, can significantly modulate the development and severity of autoimmune
demyelinating disease. These results are remarkable for several reasons. First, these data
extend our previous findings that ICAM-1 expression on endothelial cells is not required for
EAE development. In previous studies we transferred T cells from Icam1tm1Bay mice to
Icam1null mice and observed EAE severity comparable to wild type transfers [12]. Thus
other adhesion molecule receptor/ligand pairs such a α4β1/VCAM-1 and LFA-1/ICAM-2
may substitute for ICAM-1 interactions in mediating firm adhesion and transendothelial
migration events that occur during disease development [20, 21]. However, this does not
rule out a contribution for the β2-integrins and ICAM-1 in leukocyte recruitment in
demyelinating disease since loss of expression of different β2-integrins has profound effects
on EAE development (reviewed in [22]). For example, altered ICAM-1 expression on γδ T
cells in the CD2-Icam1D4del/Icam1null mouse (Fig. 1C) may make an important contribution
to the severity of the transferred EAE we report here since it is well-established that this T
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cell subset modulates disease development and progression [23]. Second, the distinct EAE
phenotypes between CD2-Icam1D4del/Icam1null, Icam1tm1Jcgr, Icam1tm1Bay, and Icam1null

mice further highlight the important roles of ICAM-1 isoform expression on leukocytes for
EAE development. In addition, various combinations of the alternatively spliced forms of
this molecule appear responsible for variations in disease severity [12, 19]. Most strikingly,
our results demonstrate that isoforms other than the full length ICAM-1 molecule, including
the isoform lacking domain 4 in particular, can drive disease pathogenesis. Collectively our
data suggest that ICAM-1 isoforms have unique roles in EAE, although the specific ligands
and intracellular signaling mechanisms employed by individual or combinations of isoforms
remains to be elucidated. Nevertheless our results indicate that ICAM-1 isoform-specific
therapeutic approaches may provide a new avenue in the treatment of demyelinating
diseases.

Materials and methods
Generation and characterization of CD2-Icam1 isoform transgenic mice

Sequence-verified full-length and CD2-Icam1D4del cDNAs were first subcloned into the
p3xFLAG-CMV-10 expression vector. To verify correct expression and molecular weight,
the constructs were then transfected into 293 cells. Appropriately sized ICAM-1 proteins
were detected by western blot analysis. Next the CD2-Icam1D4del cDNA was subcloned into
a CD2 cassette containing the CD2 promoter and locus containing regions [13]. After
purification and removal of the plasmid sequences, the construct was injected into fertilized
eggs from C57BL/6 mice. A single transgenic line was obtained and subsequently bred with
Icam1null mice. CD2-Icam1D4del/Icam1null mice are healthy, fertile, and require no special
husbandry. Flow cytometry staining for ICAM-1 expression on T cell subsets (GK1.5 and
53–6.7), B cells (PE MB19-1) and NK cells (APC DX5) was performed on splenocytes of
wild type and CD2-Icam1D4del/Icam1null mice as previously described [24]. All antibodies
were from eBioscience. Stained cells were run on a FACSCalibur and data was analyzed
with CellQuest software (BD biosciences). Inbred C57BL/6 mice were used as controls for
all experiments and all studies were performed with approval from the UAB IACUC.

Induction of active and adoptive transfer EAE
For active EAE, control and CD2-Icam1D4del/Icam1null mice were immunized with myelin
oligodendrocyte glycoprotein (MOG) peptide35–55 as previously described [19]. MOG
peptide was synthesized by standard 9-fluorenyl-methoxycarbonyl chemistry and was >95%
pure as determined by reversed phase-HPLC (Biosynthesis, Lewisville, TX). Onset and
progression of EAE clinical signs was monitored daily (30 days) using a standard clinical
scale ranging from 0 to 6 as follows: 0, asymptomatic; 1, loss of tail tone; 2, flaccid tail; 3,
incomplete paralysis of one or two hind limbs; 4, complete hind limb paralysis; 5, moribund;
6, dead. Only mice with a score of at least 2 (flaccid tail) observed for 2 or more consecutive
days were judged to have onset of EAE. A cumulative disease index (CDI) was calculated
from the sum of the daily clinical scores observed between day 7 and day 30. For transferred
EAE, spleens of control and CD2-Icam1D4del/Icam1null donors were removed two to three
weeks following induction of active EAE, and prepared as previously described [25].
Adoptive transfer EAE was induced by injecting ~5×106 purified wild type T cells into
CD2-Icam1D4del/Icam1null recipient mice as described in the Results section. Reciprocal
transfers were performed by injecting CD2-Icam1D4del/Icam1null encephalitogenic T cells
into wild type mice. Control experiments in which adoptive transfer of wild type
encephalitogenic T cells into wild type recipients were performed simultaneously for all
transfer experiments. Mice were scored daily for up to 19 days using the system described
above.
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T cell proliferation and cytokine production
Antigen-specific T cell proliferation assays were performed as previously described [25].
Single cell suspensions from spleens from wild type and CD2-Icam1D4del/Icam1null mice
obtained 14 days after EAE induction were cultured in triplicate in 96-well plates at 5 × 105

cells/well with increasing concentrations of MOG35–55 peptide (0.125 to 4 μg/ml). After 48
h, cultures were pulsed with 3H-thymidine for 18 h and incorporation of thymidine was
measured.

Statistical analyses
Statistical significance, with respect to disease onset and severity, between wild type and
CD2-Icam1D4del/Icam1null mice for active and transferred EAE experiments was calculated
using the Mann Whitney test (Prism 5.0, GraphPad Software, Inc., La Jolla, CA). For
statistical significance between control and CD2-Icam1D4del/Icam1null mice in proliferation
assays the unpaired student’s t-test was used.
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Figure 1.
Generation of CD2-Icam1D4del/Icam1null mice. (A) Western blot analysis showing
expression of the CD2-Icam1D4del cDNA construct. Lane 1: control nontransfected 293
cells, lane 2: Flag tagged control, lane 3: full-length flagged, ICAM-1 isoform, lane 4: CD2-
Icam1D4del flagged, isoform. (B) Schematic of the CD2-Icam1D4del/Icam1null construct
showing the CD2 promoter and LCR locus and ICAM-1 immunoglobulin domains 1, 2, 3
and 5. (C) Flow cytometric analysis of splenocytes showing the percent ICAM-1-expressing
CD4+ T cells, CD8+ T cells, γδ T cells, B cells, and NK cells from wild type and CD2-
Icam1D4del/Icam1null mice. Shown is the mean ± SEM of three mice per group.
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Figure 2.
EAE parameters in wild type and CD2-Icam1D4del/Icam1null mice. (A) Active EAE was
induced in both groups of mice as described in the Materials and Methods and clinical signs
were scored for 30 days. Results shown are the daily mean clinical score for wild type
(n=13) and ICAM-1 mutant mice (n=14) from three experiments. There was no significant
difference in onset or overall disease severity between the two groups. (B) CD2-Icam1D4del/
Icam1null T cells proliferate to a greater extent than wild type T cells on recall challenge
with MOG peptide35–55 (0.125–4 μg/ml). The results shown are expressed as the mean +
SEM of fold-induction of wild type and CD2-Icam1D4del/Icam1null T cell proliferation
relative to background proliferation (n=4). * p<0.05 (C) Transferred EAE was induced in
wild type (n=4) mice by injecting encephalitogenic T cells (~5 × 106) derived from CD2-
Icam1D4del/Icam1null mice with active EAE. As a control, transferred EAE was induced in
wild type mice (n=4) using encephalitogenic T cells derived from wild type mice with EAE.
Disease onset was significantly delayed on transfer of CD2-Icam1D4del/Icam1null T cells
(p=0.03, unpaired t-test) and disease severity was significantly reduced from day 8 to day
15, (p<0.05, Mann Whitney test) compared to wild type to wild type transfers. (D)
Transferred EAE was induced in wild type (n=5) and CD2-Icam1D4del/Icam1null (n=5) mice
by injecting encephalitogenic T cells (~5 × 106) derived from wild-type mice with active
EAE. There was no significant difference in disease onset or severity between the two
groups.
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Table I

Active and transferred EAE signs in wild type and CD2-Icam1D4del/Icam1null mice.

CDIA Disease OnsetB Disease IncidenceC

Wild type (n=13) 65 11.4d 100

CD2-Icam1D4del/Icam1null (mice n=14) 53 12.2d 100

WT > WT n=5 20 9.2d 100

WT > CD2-Icam1D4del/Icam1null n=5 22 8.4d 100

WT > WT n=4 25 8.3d 100

CD2-Icam1D4del/Icam1null > WT n=4 7 17d (p=0.03) 75

A
Cumulative Disease Index is the mean of the sum of daily clinical scores observed between days 7 and 30.

B
Disease onset is defined as the first day of two consecutive days with a clinical score of two or more.

C
Disease incidence is defined as the percent of mice that displayed any clinical signs of disease.
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