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Abstract

 

The role of various MHC genes in determining the progres-
sion of multiple sclerosis (MS) remains controversial. The
HLA-DR3 gene has been associated with benign relapsing
MS in some genetic epidemiologic studies, but with disease
progression in others. We induced demyelination in highly
susceptible B10.M and B10.Q mice expressing the DR3
(HLA-DRB1*0301) transgene to determine directly the ef-
fects of a human transgene by infecting them with Theiler’s
murine encephalomyelitis virus (TMEV). DR3

 

1

 

 mice expe-
rienced a dramatic reduction in the extent and severity of
demyelination compared with DR3

 

2

 

 littermate controls,
whereas anti-TMEV antibody titers, delayed-type hypersen-
sitivity responses, and levels of infectious virus, virus anti-
gen, and virus RNA were similar in both groups. To address
a possible mechanism of how the human transgene is reduc-
ing virus-induced demyelination, we analyzed cytokine ex-
pression in the lesions and also determined whether B10.M
mice can respond to peptides derived from the DR3 mole-
cule. Intense staining for IFN-

 

g

 

 and IL-4, T helper (TH) 1
and TH2 cytokines, respectively, was found in the lesions of
TMEV-infected DR3

 

2

 

 mice but not in the DR3

 

1

 

 trans-
genic mice at day 21 after infection. DR3 peptides elicited
strong proliferative responses in B10.M mice but not in
B10.M (DR3

 

1

 

) mice. These experiments are the first to
demonstrate that a human class II DR gene can alter the se-
verity of demyelination in an animal model of MS without
influencing viral load. These experiments are consistent
with a mechanism by which DR3 reduces demyelination by
altering the cytokine expression in the lesions, possibly by
deleting T cells involved in virus-induced pathology. (

 

J.
Clin. Invest.

 

 

 

1998. 101:1765–1774.) Key words: Theiler’s
virus

 

 

 

• 

 

demyelination

 

Introduction

 

Both autoimmune (scleroderma [1], rheumatoid arthritis [2–4],
insulin-dependent diabetes mellitus [5], and Graves’ disease
[6]) and infectious (hantavirus [7], herpes simplex virus [8],
and coxsackievirus [9]) diseases have been shown to be influ-
enced by MHC alleles. In most cases, the MHC genes are not
the sole determinant of disease, but these genes impact either
the severity or incidence of disease.

Despite intensive study, the genetic factors influencing the
severity of multiple sclerosis (MS),

 

1

 

 the most common primary
demyelinating disease of the central nervous system (CNS),
are not fully understood. Although genes of the MHC were
first implicated in MS in 1972 (10), lack of complete pene-
trance of the MHC genes associated with susceptibility, com-
bined with environmental factors, has led to controversy con-
cerning the alleles critical for disease development, and in
particular the genetic factors that distinguish between benign
relapsing disease and chronic progressive disability. Several re-
cent studies involving complete genome screens have been un-
able to reach a consensus as to the critical genes involved in
the development of the disease (11–13). Many of the associa-
tions made to date are not absolute and vary according to eth-
nic group. For example, among individuals of Northern Euro-
pean origin, strong associations have been identified between
particular MHC class I (HLA A3 and B7) and class II (DR2
and DQW1) alleles and the development of MS (reviewed by
Ebers and Sadovnick [14]).

The DR3 gene has been associated with benign relapsing
MS in some studies, whereas others have shown that DR3 is
associated with a poor outcome. In a study by Duquette et al.
(15), patients were defined as having severe or benign MS
based on their Kurtzke score over a period of 10 yr or more.
Analysis of HLA antigen subtypes demonstrated an increased
frequency of HLA-DR2 in both the benign and severe forms
of the disease compared with control patients, but an associa-
tion between DR3 and the absence of disease progression was
found. Although the association between DR3 and benign MS
has been observed in other populations (16), some investiga-
tors (17, 18) have found no correlation, or the opposite associ-
ation, i.e., progressive disease with DR3 (19).

Intracerebral injection of susceptible mice with Theiler’s
murine encephalomyelitis virus (TMEV) results in an im-
mune-mediated demyelinating disease with pathology similar
to MS (20). Immunogenetic studies have demonstrated a role
for both class I and class II MHC gene products as determi-
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nants of resistance or susceptibility to TMEV-induced demy-
elination (21–26). The class I MHC D region determines pri-
marily whether or not virus will be cleared from the CNS, or
whether virus will persist and demyelination will ensue (21–23).
However, several lines of evidence support an important role
of class II genes in demyelination (

 

a

 

) alleles of the H2-A and
H2-E loci do not influence the incidence of demyelinating dis-
ease, but affect the severity of demyelination (26); (

 

b

 

) mAb
therapy directed against H2-A (27) or CD4 (28, 29) at the time
of virus infection increases mortality, whereas treatment after
demyelination is established (day 15 after infection) dimin-
ishes myelin injury (27); (

 

c

 

) class II knockout mice on a resis-
tant H-2

 

b

 

 haplotype develop high virus titers, clinical deficits,
and small foci of demyelination, further supporting the role of
class II–restricted CD4 T cells in protection from TMEV infec-
tion (30); and (

 

d

 

) class II gene products are upregulated in
CNS glial cells during persistent virus infection, which corre-
lates with development of demyelination (31).

To address the controversy for the role of human HLA-
DR3 gene in the progression of MS, we tested the role of a hu-
man gene in B10.M and B10.Q mice, which are extremely sus-
ceptible to TMEV-induced demyelination. The availability of
a well-characterized murine model of virus-induced demyeli-
nation, coupled with the technology to create “humanized”
mice with the DR3 transgene, provided us with the unique op-
portunity to examine the role of this particular HLA gene in
disease progression. Mice expressing the human DR3 trans-
gene had significantly decreased severity of demyelination
compared with littermate controls, correlating with the human
studies which found DR3 associated with benign relapsing MS
(15) rather than progressive disability. The mechanism for the
reduction in demyelination appears to be the result of altering
the profile of cytokine expression early in the white matter le-
sion.

 

Methods

 

Virus.

 

The Daniel’s strain of TMEV was used in all experiments. The
history of this virus has been described previously (20).

 

DR3 (Drw17) transgenic mice.

 

DR3 (Drw17) transgenic mice
were generated by coinjection of the HLA-DRA genomic fragment
and a DRB1*0301B gene fragment into embryos from (C57Bl/6 

 

3

 

DBA/2)F1 donors, mated to C57Bl/10 males as described previously
(32). These mice were subsequently backcrossed to B10.M and B10.Q
mice at the Mayo Clinic Immunogenetics Mouse Facility (Rochester,
MN) for 10 generations, and were therefore considered congenic.
Nontransgenic littermate B10.M and B10.Q controls were used for all
comparisons. Mice were screened by flow cytometry to detect DR3
expression in blood lymphocytes as described previously (32). Previ-
ously published studies have demonstrated that high levels of trans-
gene RNA are expressed in the spleen and thymus, intermediate lev-
els in the lung and kidney, and low or no expression in the liver,
heart, and brain. The level of expression of the DR3 protein was sim-
ilar to that of the endogenous mouse class II molecules (32). All mice
in these studies were treated in accordance with the National Insti-
tutes of Health Guidelines for the Care and Use of Animals in Re-
search.

 

Infection, harvesting, and morphology of the CNS.

 

At 4–6 wk of
age, mice were infected intracerebrally with 2 

 

3

 

 10

 

5

 

 plaque-forming
units (PFU) of TMEV in a total volume of 10 

 

m

 

l. At day 45 after in-
fection, mice were perfused with Trump’s fixative by intracardiac
puncture. Spinal cord blocks (1 mm) were embedded in glycol meth-
acrylate and stained with a modified erichrome stain with cresyl vio-
let counterstain (33). Morphologic analysis was performed on 10–15

 

coronal spinal cord sections from each animal. A total of 1,490 spinal
cord quadrants were studied. A pathologic score was determined for
each animal based on meningeal inflammation, demyelination, and
neuronal inflammation. Grading was performed on coded sections in
a blinded manner without knowledge of genotype. Each quadrant
from every third coronal section from each mouse was scored for the
presence of pathological abnormalities. The score was expressed as a
percent of the total number of quadrants examined per mouse. A
maximum pathologic score of 100 indicated that there was disease in
all quadrants of every spinal cord block from a particular mouse. In
addition, some mice were killed by overdose of pentobarbital at 7, 21,
45, and 90 d after infection, and the tissues were frozen in OCT em-
bedding compound (Miles, Inc., Elkhart, IN) for immunostaining and
in situ hybridization. White matter and lesion area were measured us-
ing an interactive image analysis system attached to a photomicro-
scope (Carl Zeiss, Inc., Thornwood, NY).

 

Virus plaque assay.

 

At days 7 and 45 after infection, the brains
and spinal cords from transgenic and nontransgenic mice were re-
moved after killing, and a 10% (wt/vol) homogenate was prepared in
DME (GIBCO BRL, Gaithersburg, MD). The homogenate was clar-
ified by centrifugation and stored at 

 

2

 

70

 

8

 

C until the time of assay.
The assay was performed on L2 cells as described previously (34), in
duplicate.

 

Immunoperoxidase staining.

 

10-

 

m

 

m-thick sections were cut and
fixed in chilled acetone. Sections were stained with mAbs to either
CD4

 

1

 

 or CD8

 

1

 

 T cells (PharMingen, San Diego, CA), HLA-DR3
(PharMingen), IFN-

 

g

 

 (PharMingen), TNF-

 

a

 

 (PharMingen), IL-4
(PharMingen), or a polyclonal rabbit anti-TMEV sera, using the avi-
din-biotin immunoperoxidase technique (Vector Laboratories, Inc.,
Burlingame, CA) as described previously (35). Slides were developed
with Hanker Yates reagent (Polysciences Inc., Warrington, PA), us-
ing hydrogen peroxide as the substrate. Slides were lightly counter-
stained with Mayer’s hematoxylin.

 

In situ hybridization.

 

Nick translation was used to obtain a probe
with a specific activity between 5 and 8 

 

3

 

 10

 

7

 

 cpm of [

 

a

 

-

 

35

 

S]dATP/

 

m

 

g
of DNA. Frozen sections were hybridized with a 253-bp 

 

35

 

S-labeled
probe specific for the VP-1 region of TMEV and exposed for 48 h as
described previously (36). The CNS area was measured with an image
analysis system (IBAS; Kontron Electronik, Eching, Germany) at-
tached to an Axiophot microscope (Carl Zeiss, Inc.), to determine the
number of virus RNA–positive cells per spinal cord area (mm

 

2

 

 [36]).

 

Anti-TMEV IgG ELISA.

 

Blood was obtained from mice at the
time of killing and allowed to clot, and the sera were stored at 

 

2

 

80

 

8

 

C
until the time of assay. Polystyrene microtiter plates (Immunolon II;
Dynatech Laboratories, Inc., Chantilly, VA) were coated with 0.5 

 

m

 

g
of purified TMEV in 0.1 M carbonate buffer (pH 9.5), then blocked
with 1% BSA (Sigma Chemical Co., St. Louis, MO) in PBS. Sera from
individual mice were diluted in 0.2% BSA and incubated at room
temperature. Biotinylated goat anti–mouse IgG (Jackson Immu-
noResearch Labs, West Grove, PA) was used as the secondary anti-
body. Detection was performed using alkaline phosphatase–labeled
streptavidin (Jackson ImmunoResearch Labs), with para-nitrophe-
nylphosphate used as the substrate. Absorbances were read at A

 

405

 

(30).

 

Delayed-type hypersensitivity (DTH) responses to TMEV.

 

TMEV-
specific DTH responses were assessed as described previously (30).
Briefly, 2.5 

 

m

 

g of ultraviolet-irradiated purified TMEV was injected
intradermally in the ear, and ear swelling was measured at 24 and 48 h
after injection with a dial gauge micrometer and compared with the
preinjection measurement.

 

In vitro proliferation assay.

 

The peptides tested in this experi-
ment corresponded to the HV3 region of E

 

d

 

b

 

 (65–79), DR2Dw21, and
Dw3. All peptides were synthesized by previously described proce-
dures (37). B10.M mice were injected with 200 

 

m

 

g of peptides emulsi-
fied in CFA. In some experiments, B10.M (DR3

 

1

 

) mice were in-
jected with the same concentration of Dw3 peptide. 7 d later, draining
lymph nodes were removed, and a single cell suspension was pre-
pared. Lymph node cells (10

 

6

 

 cells/well; 100 

 

m

 

l vol) were cocultured
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with 100 

 

m

 

l of peptide at a final concentration of 100 

 

m

 

g/ml as de-
scribed previously (3). [

 

3

 

H]Thymidine (1.2 

 

m

 

Ci) was added for the
last 18 h of culture. Cells were harvested on glass fiber filters, and
[

 

3

 

H]thymidine was determined in a liquid scintillation counter (LKB
Wallac, Turku, Finland). Additional cells were cocultured for 72 h
with Con A (10 

 

m

 

g/ml; Sigma Chemical Co.). All cultures were per-
formed in triplicate. Results are expressed as a stimulation index cal-
culated by dividing the mean counts per minute from the test well by
the mean counts per minute from the medium control wells.

 

Statistics.

 

Analysis was performed using either the Student’s 

 

t

 

 test
if the data were normally distributed or the Mann-Whitney Rank
Sum test if the data were not normally distributed.

 

Results

 

HLA-DR3 reduces the extent of TMEV-induced demyelination
in susceptible B10.M and B10.Q mice.

 

To test whether expres-
sion of the human DR3 transgene altered the susceptibility of
mice to TMEV-induced demyelination, we compared the ex-
tent of gray matter inflammation, meningeal inflammation,
and demyelination in transgenic mice and nontransgenic litter-
mate controls at day 45 after infection. This particular time af-
ter infection was chosen because it has been used previously to
determine whether mice are resistant or susceptible to demy-
elination (25), and to assess therapeutic efficacy of immuno-
modulatory agents (28). Expression of HLA-DR3 reduced the
severity of demyelination in the spinal cord in B10.M mice.
There was an almost fourfold decrease in the demyelination
scores of DR3

 

1

 

 transgenic (4.1

 

6

 

1.3) versus DR3

 

2

 

 nontrans-
genic mice (15.5

 

6

 

3.3; 

 

P

 

 

 

,

 

 0.01; Table I). The lesions in the
DR3

 

1

 

 mice were significantly smaller than those of the trans-
gene-negative controls (0.07

 

6

 

0.02 vs. 0.57

 

6

 

0.12 mm

 

2

 

; 

 

P

 

 

 

5

 

0.001). There was also a reduction in meningeal inflammation
in the DR3

 

1

 

 mice, but this was not statistically significant (Ta-
ble I). While the extent of demyelination was reduced mark-
edly in mice expressing the DR3 transgene, the incidence of
demyelination was comparable between the transgenic mice
and their littermate controls (72.7% [8 of 11 mice with disease]
vs. 81.3% [13 of 16 mice with disease], respectively). The ex-
tent of demyelination as determined by the percentage of spi-
nal cord quadrants with demyelination between the nontrans-

genic littermate controls and the parental B10.M mice was
comparable (15.5 vs. 20.5%). The lesions observed in both the
DR3 transgenic and nontransgenic mice were localized almost
exclusively to the white matter, with areas containing multiple
demyelinated axons (Fig. 1, 

 

A

 

 and 

 

B

 

).
To address whether the protective effect of DR3 was gen-

eralized to other susceptible mouse H-2 haplotypes, we gener-
ated DR3 human transgenics on susceptible B10.Q (H-2

 

q

 

)
haplotypes. Similar reductions in demyelination were ob-
served in B10.Q DR3

 

1

 

 mice compared with transgene-nega-
tive littermate controls (Table I; 

 

P

 

 

 

5

 

 0.02). This provided sup-
port for the conclusion that the mechanism by which DR3
reduces the severity of demyelination is independent of mouse
H-2 haplotype.

 

HLA-DR3 transgene expression does not effect virus levels
in the CNS.

 

To test whether the mechanism of reduced demy-
elination in the DR3 transgenic mice is related to a decrease in
virus burden, virus plaque assays were performed at days 7 and
45 after infection and compared with results obtained with tis-
sues from infected littermate nontransgenic mice. As previous
studies from our laboratory have determined that day 7 is
when peak virus titers are detected (35), day 7 was one time
point chosen for study. Virus titers at day 7 after infection were
similar in transgenic and nontransgenic mice such that 4–5 log

 

10

 

PFU/g of CNS tissue were detected (Table II). Likewise, at
day 45 after infection, a time point considered to be the
chronic phase of infection, infectious titers were equivalent,
such that 2–3 log

 

10

 

 of infectious virus were detected. This indi-
cated that the mechanism by which the DR3 transgene amelio-
rates demyelination is not by preventing virus persistence. This
result was of particular importance because previous data in
the model have indicated a close correlation between virus
persistence and demyelination (30).

To address whether the DR3 transgene may have had a lo-
cal effect of decreasing virus antigen or RNA expression in the
lesion, we performed immunostaining with a polyclonal anti-
body to TMEV and in situ hybridization with a VP-1–specific
probe on the spinal cords of transgenic and nontransgenic
mice. Similar numbers of cells positive for virus RNA per
square millimeter of spinal cord were detected by in situ hy-
bridization in both the transgenic and nontransgenic mice at
days 7, 21, 45, and 90 after infection (Table III). Immunostain-
ing of spinal cord sections with an antibody to TMEV demon-
strated that virus antigen levels were similar between the two

 

Table I. Human DR3 Transgene Reduces the Extent of 
Demyelination in the Spinal Cord after TMEV Infection

 

Group

 

n

 

Mean pathology score

 

6

 

SEM

Gray matter
inflammation

White matter
inflammation Demyelination

 

B10.M (DR3

 

1

 

) 11 0.0

 

6

 

0.0 2.9

 

6

 

0.9 4.1

 

6

 

1.3
B10.M (DR3

 

2

 

) 16 0.2

 

6

 

0.1 12.1

 

6

 

3.0 15.5

 

6

 

3.3
B10.M 5 0.8

 

6

 

0.5 17.3

 

6

 

5.0 20.5

 

6

 

4.2
B10.Q (DR3

 

1

 

) 11 0.4

 

6

 

0.3 2.5

 

6

 

0.9 6.7

 

6

 

2.0
B10.Q (DR3

 

2

 

) 6 2.1

 

6

 

1.8 17.1

 

6

 

3.8 22.9

 

6

 

4.0

For each mouse, 10–15 spinal cord sections were graded for gray matter
inflammation, white matter inflammation, and demyelination. The data
are expressed as the percentage of spinal cord quadrants with disease
(mean

 

6

 

SEM). Differences between demyelination scores were statisti-
cally significant between B10.M (DR3

 

1

 

) and B10.M (DR3

 

2

 

) (

 

P

 

 

 

5

 

0.01) and between B10.Q (DR3

 

1

 

) and B10.M (DR3

 

2

 

) mice (

 

P

 

 

 

5

 

 0.02)
by Student’s 

 

t

 

 test.

 

Table II. Virus Titers in the CNS of TMEV-infected 
Transgenic (DR3

 

1

 

) and Nontransgenic (DR3

 

2

 

) Mice

 

Group Day*

 

n

 

Virus titer

 

B10.M (DR3

 

2

 

) 7 3 5.23

 

6

 

0.12
B10.M (DR31) 7 3 4.9360.34
B10.M (DR32) 45 3 2.5560.12
B10.M (DR31) 45 3 2.5660.17

Virus titers were determined by viral plaque assay on L2 cells. Results
are expressed as the virus titer per gram of CNS tissue (log10 PFU)
mean6SEM. The detection limit of the assay was 1.7 log10 PFU/g of
CNS tissue. Differences between the two groups were not found to be
statistically significant by the Student’s t test. *Day after infection with
TMEV.
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groups (Fig. 1, E and F). At day 45 after infection, 0.5260.18
virus antigen–positive cells/mm2 examined were detected in
the spinal cords of DR32 mice (n 5 13), whereas in DR31
mice (n 5 11), 0.2360.08 virus antigen–positive cells/mm2

were detected. Therefore, the mechanism by which DR3 was
decreasing demyelination did not involve limiting local virus
replication.

Expression of HLA-DR3 transgene does not alter the pro-
portion of CD41 versus CD81 T cells in the demyelinating le-
sion. Previous work in the TMEV model has shown that by

depleting either the CD41 or CD81 T cells from the lesion, it
is possible to ameliorate virus-induced demyelination (27, 28).
Therefore, it was important to test whether the mechanism of
decreasing demyelination by the DR3 transgene was by alter-
ing the phenotype of T cells in the lesions. Previous work from
our laboratory demonstrated that early in TMEV infection (7 d
after infection), CD41 T cells are the predominant T cell type
in the CNS of susceptible mice (37). In the current study, no
differences were found in the mean numbers of CD41 or
CD81 T cells at any time point studied (days 7, 21, or 45 after

Figure 1. Demyelination in the spinal cord 
of B10.M (DR32) nontransgenic (A) com-
pared with B10.M (DR31) transgenic mice 
(B) at day 45 after infection with TMEV. 
Note increased number of demyelinated 
axons in the spinal cord of DR32 com-
pared with DR31 mice. On average, the 
size and the number of lesions were less in 
DR31 versus DR32 mice. Spinal cord sec-
tions were embedded in glycol methacry-
late plastic and stained with a modified 
erichrome/cresyl violet stain. Localization 
of TMEV antigen (C and D) and RNA
(E and F) in the spinal cords of B10.M 
(DR32) nontransgenic (D and F) and 
B10.M (DR31) transgenic (C and E) mice 
at day 21 after infection. Virus antigen–
positive cells (C and D) are identified by 
the dark immunoperoxidase reaction prod-
ucts (arrows). In situ hybridization was per-
formed with a 35S-labeled probe specific for 
the VP-1 region of TMEV. Virus RNA–
positive cells (E and F) are identified by 
silver grains (arrows). Frozen sections
(C, D, E, and F) were lightly counter-
stained with Mayer’s hematoxylin.
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infection). Three animals from each group were studied per
time point. The T cell infiltrate at 7 d after infection in both the
transgenic and nontransgenic mice consisted almost exclu-
sively of CD41 T cells, with only a few CD81 T cells. By day
21 after infection, the mean number of CD41 T cells per
square millimeter of lesion was similar between the transgenic
mice and littermate controls (16.363.3 and 13.463.8, respec-
tively), as was the number of CD81 T cells (1.461.0 and
5.462.8). By day 45 after infection, the ratios of CD41 to
CD81 T cells were similar between the two groups of mice
and approached the ratio of 3:1 reported previously by our lab-
oratory (2.2:1 in the transgenic mice and 2.8:1 in littermate
controls [38]).

HLA-DR3 transgenic mice develop normal humoral im-
mune responses and DTH responses to TMEV. Studies from
our laboratory have demonstrated that immunoglobulins in-
fluence the level of demyelination resulting from TMEV infec-
tion in susceptible mouse strains (39). To determine the effect
of HLA-DR3 on antibody production, TMEV-specific IgG
was measured by ELISA to purified virus antigen at day 45 af-
ter infection. Both transgenic and nontransgenic mice devel-
oped similar antibody titers to TMEV (Fig. 2) compared with
serum from uninfected mice.

Previous studies have shown that DTH responses to TMEV
antigens correlate with demyelination (22). To determine if
this relationship held true in this system, we measured the
DTH response to purified TMEV antigens 3 mo after infec-
tion. At 24 and 48 h after intradermal injection, similar re-
sponses were obtained for both the transgenic mice and non-
transgenic controls (Table IV). The antibody and DTH
responses argue that the mechanism for decreasing demyelina-
tion by the DR3 transgene is not by interfering with T cell–
dependent class II–mediated responses to viral antigens or
peptides.

B10.M mice have DR3-responsive T cells. A potential mech-
anism of altering disease in DR3 transgenic mice involves the
deletion of T cells involved in demyelination. To test if suscep-
tible B10.M mice respond to peptides derived from the DR3
molecule, B10.M mice were immunized with DR3-derived
peptides. The Dw2 peptide (derived from the DR2 molecule)
was used as a negative control. A peptide derived from the en-
dogenous mouse class II Eb gene was used as a positive con-
trol. In vitro proliferative responses were assessed using
[3H]thymidine incorporation. The DR3 peptide elicited strong
proliferative responses in B10.M mice (Table V), whereas
mice immunized with the Dw2 peptide had minimal responses.
The minimal response to the Dw2 peptide suggests that B10.M
mice are tolerized to this peptide. A strong proliferative re-
sponse was observed with the Eb peptide in B6 mice. This pro-
vided a potential mechanism by which recognition of DR3 as
self may have resulted in deletion of T cells involved in patho-
genesis.

B10.M (DR31) mice do not have T cells that respond to the
Dw3 peptide. To further demonstrate that Dw3-responsive T
cells are deleted in the B10.M (DR31) mice, B10.M (DR31)
mice were immunized with Dw3 peptide (derived from the
DR3 molecule), and in vitro proliferative responses were as-
sessed using [3H]thymidine incorporation. Despite a strong

Table III. Virus RNA in the Spinal Cords of TMEV-infected 
Transgenic (DR31) and Nontransgenic (DR32) Mice

Group Day after infection n Positive cells/mm2

B10.M (DR31) 7 3 0.1260.04
B10.M (DR32) 7 3 0.2660.10
B10.M (DR31) 21 4 0.2060.06
B10.M (DR32) 21 4 0.0960.07
B10.M (DR31) 45 4 0.4260.30
B10.M (DR32) 45 2 0.3460.20
B10.M (DR31) 90 3 0.1660.04
B10.M (DR32) 90 2 0.4160.36

Number of TMEV RNA–positive cells/mm2 of spinal cord tissue as de-
tected by in situ hybridization of frozen sections with a 35S-labeled probe
specific for the VP-1 region of TMEV. Differences between the two
groups at each time point were not found to be statistically significant by
the Student’s t test. Data expressed as mean6SEM.

Figure 2. TMEV-specific IgG responses in B10.M (DR31) trans-
genic and nontransgenic B10.M littermate control mice infected with 
TMEV for 45 d. The data are expressed as the mean6SEM. No dif-
ferences were observed between the groups. Circles, DR32 mice. 
Squares, DR31 mice.

Table IV. Effect of the Human DR3 Transgene on
TMEV-specific DTH Responses

Group n

Mean ear swelling (1022 mm6SEM)

24 h 48 h

B10.M (DR31) 6 5.8361.01 6.8360.87
B10.M (DR32) 4 6.7560.25 7.2560.48

DTH responses were assayed on mice at day 90 after infection with
TMEV. Purified TMEV antigens were injected intradermally into the
ear, and swelling was assessed against preinjection measurements. Dif-
ferences in mean ear swelling between the two groups at 24- and 48-h
time points were not found to be statistically significant by the Student’s
t test.
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nonspecific proliferative response to Con A, the B10.M (DR31)
mice failed to mount an in vitro proliferative response to the
DR3 peptide (Table V). This result demonstrates that despite
a genetic predisposition of B10.M mice to mount a Dw3-spe-
cific response, the presence of the HLA-DR3 transgene abro-
gates this response.

Cytokine profiles in lesions of HLA-DR3 transgenic versus
nontransgenic mice differ. An attractive mechanism by which
the HLA-DR3 transgene reduces white matter pathology is
that the transgene alters the expression of pathogenic cyto-
kines early in the evolution of the demyelinating plaques. To
determine whether the HLA-DR3 transgene effected the pat-
tern of cytokines localized in the TMEV-induced lesions, im-
munostaining was performed using antibodies specific to mu-
rine TNF-a, IFN-g, and IL-4. These cytokines were studied
because they are critical in the evaluation of T helper (TH) 1
(IFN-g, TNF-a) versus TH2 (IL-4) immune responses. Three
animals were examined at each time point. At day 7 after in-
fection, minimal staining for both IFN-g and IL-4 was appar-
ent in transgene-positive and -negative mice. By day 21 after
infection, a time point when the demyelinating lesions are
emerging, unique patterns of IFN-g and IL-4 staining were ob-
served between the DR31 mice and their littermate controls.
Intense staining for both IFN-g and IL-4 was seen in the litter-
mate controls (Fig. 3, A and C) but not the transgene-positive
mice (Fig. 3, B and D). By day 45 after infection, IFN-g and
IL-4 were observed in the lesions of both groups of mice (data
not shown). Positive staining for TNF-a was obtained in both
transgene-positive and -negative mice at all time points studied
(days 7, 21, 45, and 90 after infection; Fig. 3, E and F). No im-
munoreactivity for IFN-g, IL-4, or TNF-a was observed in the
CNS of uninfected transgene-positive or -negative mice (data
not shown). These results demonstrate that the mechanism by
which HLA-DR3 alters demyelination may involve the modu-
lation of soluble mediator expression in the lesion early in the
development of demyelinating disease. This change in cyto-
kine expression may be directly related to the decreased num-
bers of inflammatory cells in the lesions of mice expressing
HLA-DR3.

HLA-DR3 protein is expressed by CNS resident and non-
resident cells in infected transgenic mice. Under normal condi-
tions, mice do not express class II in the CNS. Previous work
from our laboratory has demonstrated that after infection with
TMEV, class II expression is induced on CNS resident cell
types. We tested whether the effect of DR3 on white matter
pathology is based on the expression of the gene on T cells or
resident CNS cells. Immunostaining with an antibody specific

for human MHC class II protein revealed that the lymphocytes
infiltrating the lesions of the transgenic mice expressed high
levels of DR3 (Fig. 4 A). As expected, no positive staining for
the transgene was detected in infected nontransgenic litter-
mate controls (Fig. 4 B), demonstrating that this antibody does
not cross-react with any endogenous proteins of the mouse. Of
particular interest, positive-staining cells with morphology re-
flective of neurons and astrocytes demonstrate that CNS resi-
dent cells are also induced to express human class II proteins
after TMEV infection (Fig. 4 C). No positive staining was ob-
served in uninfected transgene-positive mice (Fig. 4 D). These
results suggest that the DR3 transgene could function by act-
ing as an antigen-presenting molecule after the immune re-
sponse to TMEV has been initiated, indicating that the trans-
gene could directly modulate CNS pathology.

Discussion

Most of the focus in the study of the relationship between MS
and MHC has been to determine the association of specific al-
leles with the frequency of disease at the population level. An
association with the development of MS is apparent with both
class I (A3 and B7) and class II (DR2 and DQW1) genes de-
pending on the ethnicity of the groups studied (reviewed by
Ebers and Sadovnick [14]). The role of various class I or class
II genes in the progression of MS has been studied, but no con-
sensus has been reached as to whether particular alleles are
correlated with long-term disability. Because there has been
controversy regarding the relationship between DR3 and be-
nign relapsing MS, we used a well-characterized model of vi-
rus-induced demyelination to study the effects of the human
DR3 gene in mice highly susceptible to TMEV infection. The
severity but not the incidence of demyelination was reduced in
B10.M and B10.Q mice expressing the human transgene com-
pared with nontransgenic controls. Reduction of demyelina-
tion occurred without a corresponding decrease in viral repli-
cation or viral antigen expression. These results are the first to
directly support human epidemiological studies that have asso-
ciated the DR3 gene with benign relapsing MS.

The most obvious mechanism of reduced demyelination in
the transgene-positive mice involves the DR3 molecule de-
creasing TMEV levels either directly or indirectly in the CNS.
This mechanism was tested using three different measures—
infectious virus, TMEV RNA, and TMEV antigen. Using
these three methods, no evidence of decreased viral burden
was found, leading to the conclusion that the DR3 transgene

Table V. Effect of the Human DR3 Transgene on In Vitro T Cell Proliferative Responses

Peptide Strain Medium Con A Peptide D cpm

Ed
b B6 6579673 325000610109 5351261903 46933

Dw2 B10.M 64916108 401360622449 125626111 6071
Dw3 B10.M 112626234 334920611307 11108064421 99818
Dw3 B10.M (DR31) 117736735 5366562474 1302565416 1302

Mice were immunized with 200 mg of peptide emulsified in CFA. Draining lymph nodes were removed 7 d later and cocultured with 100 ml of peptide
(final concentration of 100 mg/ml), Con A (10 mg/ml), or medium alone. All cultures were performed in triplicate. Results are expressed as counts per
minute. D cpm is the difference in [3H]thymidine counts between peptide and the medium.
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reduces demyelination via a mechanism unrelated to viral per-
sistence.

Three distinct observations were made between the DR31
transgenic mice and their littermate controls which may ac-
count for the differences observed in the extent of pathology
between the groups: (a) DR31 transgenic mice expressed the
transgene on both infiltrating cells and CNS resident cells; (b)
at day 21 after infection, large amounts of IL-4 and IFN-g were
observed in the lesions of nontransgenic but not in DR31
transgenic mice; and (c) peptides derived from the DR3 gene
are recognized as immunogenic in B10.M but not B10.M
(DR31) mice. We have considered three possible mechanisms
by which the severity of any immune-mediated disease can be
modulated via a particular MHC class II gene. Expression of a
specific class II allele may (a) result in the presentation of a
peptide which could either be pathogenic or protective to the
host; (b) alter the cytokine response so that there is a change in
the type or amount of a mediator(s) involved in either increas-

ing or decreasing disease severity; or (c) result in the deletion
of a particular subset of T cells during thymic development.
These proposed mechanisms are not mutually exclusive, and in
this study may function together to reduce disease severity in
the DR31 mice.

In this model of TMEV-induced demyelination, the ex-
pression of the human DR3 transgene during development
could have had profound effects on the T cell repertoire. Pre-
vious studies of B10.Q mice expressing this particular DR3
transgene demonstrated that some subsets of CD41 T cells
underwent positive selection (i.e., Vb6 and Vb8.1/8.2), and
others underwent negative selection (Vb5.1/5.2 and Vb11) in
the presence of the transgene. Likewise, in the CD81 T cell
population, the Vb5.1/5.21, Vb8.1/8.21, and Vb11 subpopula-
tions were similarly skewed compared with nontransgenic lit-
termate controls (32). The recognition of DR3 as self as well as
the peptides derived from the DR3 molecule may have re-
sulted in the deletion of T cells involved in some aspect of vi-

Figure 3. Cytokine im-
munoreactivity in the
spinal cords of B10.M 
(DR32) nontransgenic 
mice (A, C, and E) and 
B10.M (DR31) trans-
genic mice (B, D, and F) 
at day 21 after infection 
with TMEV. Tissue was 
stained by the immuno-
peroxidase technique with 
antibodies to IFN-g (A 
and B), IL-4 (C and D), 
and TNF-a (E and F). In-
tense staining for IFN-g 
(A) and IL-4 (C) was ob-
served in B10.M (DR32) 
but not B10.M (DR31) 
mice (B and D). TNF-a 
immunoreactivity was 
similar in both groups at 
this time point (E and F).
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rus-induced pathology. This possibility is supported by the
demonstration that deletion of Vb families influences the ex-
tent of demyelination after TMEV infection (40, 41). The re-
sults of the T cell proliferative assay (Table V) demonstrate
that mice on a B10.M background (susceptible to TMEV-
induced demyelination) present and recognize peptide derived
from the DR3 molecule. Furthermore, the B10.M (DR31)
mice do not mount a proliferative response to a DR3-derived
peptide, demonstrating that a T cell population with the partic-
ular reactivity is deleted in these mice. Based on these in vitro
responses, it is reasonable to conclude that the expression of
DR3 in the transgenic mice would negatively select an autore-
active T cell population in the HLA-DR31 mice.

Alternatively, during the course of infection, epitopes may
be generated that interact with DR3 to activate a subset of T
cells not normally responding during TMEV infection. Studies
of autoimmune thyroiditis have demonstrated that the HLA-
DR3 molecule in these mice is capable of presenting peptide
antigen (42). During TMEV infection, the peptides involved in
this response may be derived from either virus or self. Activa-
tion of these peptide-specific T cells could potentially alter the
balance of cytokines produced in the lesion, which may influ-
ence disease severity. As DR31 and DR32 mice have an
equal incidence of demyelinating disease after virus infection,
we assume that those peptides critical for reducing disease se-
verity are not involved in the onset of disease. The data dem-
onstrating the delayed expression of IL-4 and IFN-g in the le-
sions of DR31 mice indicate that the critical events for
determining the differences in extent of demyelination occur
between days 7 and 21 after TMEV infection. The extensive
staining for IL-4 and IFN-g observed in the lesions of DR32
but not DR31 mice supports a mechanism for the role of these
cytokines in the pathology observed after TMEV infection.
The presence of both TH1 and TH2 mediators in the lesions of

DR32 mice suggests that the immunopathological mecha-
nisms in this disease are the result of complex interactions
between both TH1 and TH2 responses, as opposed to the ab-
solute responses observed in some parasite or bacterial infec-
tions (43–45). These results may also explain, in part, previous
observations which showed that the administration of exoge-
nous cytokines which enhance either cellular or antibody re-
sponses (TNF-a [46] and IL-6 [47], respectively) ameliorates
the extent of disease. In addition, treatment with anti–IFN-g
has been shown to result in more severe disease in susceptible
mice (48). Because there was no difference in the infectious vi-
rus titers, virus antigen expression, or virus RNA levels be-
tween the DR31 and DR32 mice, this indicates that the
mechanism for the reduction of demyelination was not the re-
sult of presentation by DR3 of TMEV-specific peptides impor-
tant for clearing infection. A more likely hypothesis is that the
immune response to the peptides (viral or host-derived) medi-
ating immunopathology was suppressed. Because the “patho-
genic epitopes” in this disease or the proteins from which they
are derived are unknown, a direct test of this mechanism is not
possible. Studies from another laboratory have identified vi-
rus-derived T cell epitopes in mice susceptible to TMEV (49,
50), but it is not known whether these epitopes are important
in the strain of virus used in the experiments reported here, or
whether they are critical for myelin destruction.

The observation that the DR3 transgene is expressed at
high levels in resident CNS cells and in cells infiltrating the le-
sions supports a mechanism that includes direct involvement
of the DR3 molecule in modulating pathology in the CNS. We
propose that the mechanism involves altering the phenotype
of the cells infiltrating the lesions, which results in the timing
of when particular cytokines are localized to the lesions.

These data are the first to demonstrate that a human class
II transgene decreases the pathology in a murine model of MS.

Figure 4. Expression of human HLA-DR3 
transgene in the spinal cord. (A) Infiltrat-
ing inflammatory cells in a lesion of an in-
fected DR3 transgenic mouse (day 45) pos-
itive by immunoperoxidase staining for 
DR3 antigen. (B) No DR3-positive cells in 
a nontransgenic infected mouse. (C) CNS 
resident cells, including neurons and astro-
cytes expressing HLA-DR3 at day 45 after 
infection. (D) No staining in an uninfected 
B10.M (DR31) mouse.
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By further examining the mechanism that results in reduced
demyelination, it may be possible to gain insights into ways to
prevent the progression of human MS.
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