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Summary

Experimental induction of most autoimmune diseases appears to depend on the activation of
CD4* T helper cells, while CD8* lymphocytes may have a role in disease progression. To study
the role of CD4* and CD8* T cell subsets in T cell-dependent autoimmunity, mice lacking
CD4 or CD8 molecules after gene targeting were injected with cardiac myosin to induce organ
specific autoimmune myocarditis. Mice homozygous for the CD8 mutation (CD8~/~) developed
significantly more severe disease as compared to CD4*/~CD8*/~ controls. Surprisingly,
CD4-/~ mice developed autoimmune myocarditis with infiltration of TCRa3*CD4-CD8~
T cells in the heart tissue and appearance of autoantibodies. These data demonstrate that the
lack of CD4* or CD8* T cells has no significant influence on the initiation of autoimmune
myocarditis. CD4* and CD8* cells regulate disease severity and these results may explain the
occurrence of autoimmunity in CD4 immunodeficiencies.

In mice, autoimmune diseases arise either spontaneously or
can be experimentally induced by injection of the specific
autoantigen. Experimental induction of most autoimmune
disease requires CD4* T helper lymphocytes responsive to
the self-antigen presented on major histocompatibility com-
plex (MHC) class II molecules (reviewed in reference 1). In
virtually all experimental and genetic animal models of au-
toimmunity, administration of monoclonal antibodies (mAb)
against CD4 molecules blocks disease (reviewed in references
2-5). Thus, CD4* T helper cells are postulated to be cru-
cial for the initiation and development of T cell dependent
autoimmunity and clinical trials targeting the CD4* cell lin-
eage to treat various human autoimmune diseases are cur-
rently underway (2-5). Besides CD4* cells, MHC class I re-
stricted CD8* lymphocytes can be found in autoimmune
lesions (1-5). The significance and role of CD8* lympho-
cytes in the development of autoimmunity, especially in ex-
perimentally induced autoimmune diseases, is controversial.

Coxsackie virus (CB3)-induced myocarditis and dilated car-
diomyopathy are the most frequent cardiac complications in
young patients, and several clinical and experimental studies
suggest that later stages of this disease are mediated by an
autoimmune response (6-8). The human disease can be mim-
icked in mice by inoculation of CB3-virus, which in the mouse
model probably leads to an autoimmune response to cardiac
myosin exposed after virus-mediated myocyte damage (9-11).
This hypothesis is supported by the fact that myocarditis can

be induced with purified cardiac myosin, i.e., in the absence
of virus (12). Cardiac myosin-induced autoimmune myocar-
ditis is strictly organ-specific and cannot be induced with other
isoforms of muscle myosin (12). Experimental induction of
autoimmune myocarditis is MHC class II haplotype depen-
dent and can be inhibited by treatment with mAbs against
MHC class IT or CD4 molecules (13). Adoptive transfer studies
in SCID mice have also demonstrated that autoantigen-induced
myocarditis is mediated by CD4* cells (14). By contrast, im-
munodepletion studies suggested that CD8* cells have a
pathogenic role in later phases of the disease (13).

Mice rendered CD4 or CD8 deficient as a result of gene
targeting (15, 16) are ideal models to study the role of
CD4* and CD8* T cell subsets in the development of au-
toimmune diseases. To investigate whether CD4-/-,
CD8-/~ or control CD4*/~CD8*/~ mice are susceptible
to antigen-induced myocarditis, these mice were injected with
purified cardiac myosin (12). We show that both CD4-/-
and CD8-/~ mice develop autoimmune myocarditis sug-
gesting that the initiation of antigen-induced autoimmunity
does not depend on CD4* or CD8* T cells.

Materials and Methods

Mice. 'To generate mice in an MHC haplotype susceptible to
cardiac myosin-induced autoimmune disease, CD4 or CD8 gene
deficient mice (15, 16) were backcrossed into a B10.Br strain
(H-2¥) (CD4~/~ = 4% backcross; CD87/~ = 5% backcross). As
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a control, male CD8"/~ (B10.Br; 5% backcross) were bred with
female CD4 "/~ (B10.Br; 4* backcross) mice of the same breeding
nucleus to generate mice heterozygous at both loci (CD4*/~
CD8+*/~). It should be noted that CD4~/~ or CD8~/~ through-
out the text refers to CD4~/~CD8*/* or CD4*/*CD8"’~ geno-
types. Care of animals was in accordance with guidelines of the
Canadian Research Council.

Immunization Procedure. Cardiac myosin was purified from mice
as described (17). 7-wk-old mice were immunized twice at a 7-d
interval (subcutaneously) with 150 ug of cardiac myosin emulsified
in Freund’s complete adjuvant (FCA) or with FCA alone (12).
21 d after the first immunization, mice were sacrificed and ana-
lyzed histologically for infiltration of the heart muscle and sero-
logically for the presence of IgG auto-Abs against cardiac myosin
(10, 12). For histological analysis, hearts were fixed in formalde-
hyde and processed for hematoxylin and eosin staining. IgG auto-
Ab titers were determined by ELISA-technique using the cardiac
myosin isoform as test antigen (12, 17). Specificity of myosin IgG
auto-Abs against the cardiac isoform has been demonstrated previ-
ously (17).

Immunocytometry. For immunoperoxidase staining (13), cryostat
sections were fixed in acetone (10 min) and endogenous peroxidase
reactivity blocked with NaN; and H;O,. After incubation with
mAbs (30 min), sections were washed in tris-buffered saline (TBS,
pH 7.4) and further incubated with peroxidase-conjugated rabbit
anti-rat Ig (0.25 mg/ml; DAKOPATTS, Copenhagen, Denmark)
or unconjugated rabbit anti~hamster IgG (0.1 mg/ml; Jackson Im-
munoResearch Laboratories, Inc., West Grove, PA) followed by per-
oxidase conjugated swine anti-rabbit Ig (0.25 mg/ml;
DAKOPATTS). All sections were developed for 10 min with 0.06%
diaminobenzidine and 0.01% H:O; and counter-stained with he-
matoxylin.

The following mAbs were used: Mac-1 (rat IgG2b; clone M1/70);
GK1.5 (anti-CD4; rat IgG2b); 53-6.72 (anti-CD8c:/Lyt2; rat
IgG2a); KT3 (anti-CD3; rat IgG); GL-3 (anti-pan TCR-y§; ham-
ster IgG); H57-597.2.1 (anti-pan TCRaf3; hamster IgG). All mAbs
were derived from American Type Culture Center, Rockville, MD)
and used as supernatants.

Results and Discussion

CD4-/-, CD8 /-, or control CD4*/-CD8*/~ mice
were injected with purified cardiac myosin in FCA (12). In
comparison to CD4+/~CD8+*/~ mice, CD8 "/~ animals de-
veloped a significantly more severe disease as assessed by the
histological extent of heart infiltration (Table 1 and Fig. 1,
a and b) suggesting that CD8* lymphocytes do not only act
as cytotoxic effector cells in autoimmunity but may also regu-
late the severity of disease (18). A similar regulatory role of
CD8* T cells has been previously described in experimental
autoimmune encephalitis (EAE), i.e., increased frequency of
relapses in CD8~/~ mice and resistance to a second induc-
tion of EAE in mice depleted of CD8* cell using mAbs (19,
20). Mote surprisingly, CD4~/~ animals injected with the
autoantigen also developed autoimmune myocarditis (Fig. 1

Table 1. Incidence and Histological Severity of Cardiac
Myosin-induced Myocarditis in CD4~"-, CD8 /", and
CD4*/-CD8*/~ Mice

Myocarditis
Incidence Severity

(positive animals/ in positive
Genotype Immunization total) animals
CD4*/-8*/~ Cardiac myosin 5/12 1.8 + 0.8
CD4*/-8*/~ FAC only 0/6
CD4-/- Cardiac myosin 3/6 1.0 = 0.0
CD4~/- FCA 0/7 -
CD8~’~ Cardiac myosin 4/5 33+1.0
CD8"/- FCA 0.8 -

Incidence and disease severity were scored histologically on hematoxin
and eosin stained heart sections in a double blind test by two indepen-
dent investigators. Histological grading of severity is (12, 17): 0 = no
infiltration in heart muscle; 1 = up to 5% of histological section is infiltrat-
ed; 2 = 5-10%; 3 = 10-20%; 4 = >20%. Disease severity was com-
pared between different groups injected with cardiac myosin using a
Student’s ¢ test: CD4*/~CD8*/~ vs. CD4™/", no significant difference
(p >0.05); CD4*/~CD8*/~ vs. CD8~/~ and CD4~"~vs. CD8 /",
significantly different (p <0.05). The incidence of disease in both
CD4’~ and CD8~/" animals did not differ significantly from
CD4*/~CD8*/~ controls (x*-test, p >0.05). One Tepresentative experi-
ment is shown. The results were confirmed in two additional experiments.

c). Incidence and severity of autoimmune myocarditis in
CD4"/~ mice were comparable to CD4*/-CD8*/~ con-
trol mice (Table 1).

Table 2 summarizes immunoperoxidase staining of cells
infiltrating the heart tissue of animals that had developed au-
toimmune disease. In all mice analyzed, the cellular infiltrate
was composed of macrophages (Mac-1*, 70~80%) and
CD3* T lymphocytes (16-24%). In CD4*/~CD8*/~ con-
trol mice almost all (>95%) infiltrating T cells were
TCRof3* and expressed either CD4 or CD8 accessory mol-
ecules. The same results have been previously obtained in
normal B10.Br and other mouse strains (data not shown and
reference 13). In CD8~/~ mice, virtually all infiltrating
TCRafB* cells coexpressed CD4 molecules. Strikingly, in
CD4~/~ mice <30% of TCRa8* lymphocytes infiltrating
the heart expressed CD8 molecules. These data show that
most TCRoB* lymphocytes present in autoimmune lesions
of CD4~/~ mice have a CD4-CD8 "~ phenotype. TCRy6*
cells could be found in hearts of CD4*/-CD8*/-, CD8~/~,
and CD4~/~ mice in a low frequency (Table 2).

The antibody response to a T cell-dependent antigen,

Figure 1. Cellular infiltrates in hearts of CD4+/~CD8+*/~ (a), CD8-/~ (b), and CD4~/~ mice () injected with cardiac myosin. In all cases, the
infiltrates of mononuclear cells are diffuse and interstitial. (d) shows the normal morphology of heart muscle from a CD4-/~ mouse injected with
ECA alone. It should be noted that heart areas are shown to illustrate infiltration and that the infiltrations shown to not correspond to histological
grading of the whole heart as described in Table 1. Hearts were taken from mice 21 d after first injection of cardiac myosin (12), fixed in formaldehyde,
and processed for conventional histology (hematoxin and eosin staining). x80.
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Table 2. Phenotype of Cells Infiltrating the Hearts of
CD4*/-CD8*'~, CD4~'~, and CD8"’~ Mice

Phenotype CD4+/-CD8*/- CD4-/- CD8-/-
Mac-1 78.4 74.3 69.6
CD3 16.1 17.7 23.7
TCRaf 16.2 14.1 201
TCR~yS 1.3 3.0 3.4
CD4 8.2 0 20.9
CD8 7.1 39 0

Heart sections were stained with indicated mAbs followed by peroxidase
labeled second stage Abs (13). In each instance, at least 1000-2500 infiltrat-
ing cells were counted. Numbers indicate percentages of positive cells
among total infiltrating cells. Percentages are shown for one animal
representative of each haplotype. Phenotypes and percentages of infiltrating
cells, expecially the prevalence of CD4~CD8 TCRaf* lymphocytes in
the heart infiltrate of CD4 ™/~ mice, were confirmed in more animals
{not shown). Unspecific background staining was in all instances <1%
of infiltrating cells.

SRBC, is markedly reduced in CD4~/~ mice (15). Since
mice with myocarditis develop high titers of IgG autoanti-
bodies (auto-Ab) against cardiac myosin (10, 21, 22), we ana-
lyzed whether auto-Abs were present in CD4~/~ or
CD8-/~ mice. Fig. 2 shows titers of anti-myosin IgG auto-
Abs in mice injected with cardiac myosin or FCA alone. All
CD4*/~CD8*/~ and CD8~/~ mice with cellular heart
infiltrate developed high titers of IgG auto-Abs, and high
auto-Ab titers correlated with the severity of cellular infiltra-
tion. Surprisingly, experimental autoimmune myocarditis in
CD4 "/~ animals was accompanied by the appearance of IgG
auto-Abs (Fig. 2). Mice injected with FCA alone did not
show any heart infiltration (Table 1 and Fig. 1 d) or high
titers of auto-Abs (Fig. 2).

Development of specific IgG auto-Abs against cardiac my-
osin in the absence of help by CD4* T cells suggests that
cells other than CD4* lymphocytes are functional that can
induce immunoglobulin-class switching and myosin specific
IgG auto-Ab production. Alternatively, IgG auto-Ab produc-
tion in myocarditis may not require T cell help. Since, how-
ever, experimental autoimmune myocarditis is T cell depen-
dent (13, 14) and auto-Ab titers are abrogated after treatment
with anti-CD4 and anti-MHC class II mAbs (14), the pro-
duction of IgG auto-Abs appears to depend on T helper
cells. Few examples of autoimmunity have been described that
may be mediated by CD4-CD8-TCRaf* (23) or CD4~
CD8 TCRyd* cells (24) and vast numbers CD4-CD8~
TCRaf3* lymphocytes arise in autoimmune gld/gld or lpr/
Ipr mice (reviewed in 25). Approximately 10% of peripheral
T cells in CD4~/~ mice have a CD4-CD8-TCRaf*
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Figure 2. Myosin IgG autoantibody titers in CD4*/-CD8+/-,
CD8-/-, and CD4-/~ mice injected with cardiac myosin in FCA or
with FCA alone. (Filled circles) Individual mice with myocarditis. (Open
circles) Mice without disease. Sera were collected from mice 21 d after ini-
tial cardiac myosin injection and myosin IgG auto-Ab titers were deter-
mined by ELISA-technique (17).

phenotype (15) and it has been demonstrated that these cells
can provide MHC class II restricted help for T cell depen-
dent antibody production (Rahemtulla, A., T. M. Kuendig,
A. Narendran, M. F. Bachmann, M. Julius, P. S. Ohashi,
C. J. Paige, R. M. Zinkernagel, and T. W. Mak; manuscript
submitted for publication). It should be noted that CD4-
CD8-TCRaf* T cells in CD4~/~ mice display a pheno-
type previously described for various normal mouse strains
(26-29) suggesting that these cells constitute a T cell popula-
tion that is also present in normal mice but that is expanded
in CD4~/~ mice.

Our data demonstrate that T cell-dependent and organ-
specific autoimmune diseases, i.e., autoimmune myocarditis,
can develop in mice lacking CD4* or CD8* T cells. Both
T cell subsets, however, participate in disease propagation in
which CD4~/~ mice develop a mild, but CD8~/~ mice a
more severe form of disease. In CD4~/~ mice, most T cells
infiltrating the heart muscle have a TCRa3*CD4-CD8"~
phenotype, a cell population is probably also responsible for
initiation of autoimmunity in these mice. The same popula-
tion is probably also responsible for the development of EARE
in CD4-/~ mice (Koh, D. R., A. Ho, A. Rahemtulla, and
T. K. Mak, manuscript submitted for publication). These
data caution against attempted treatments of autoimmune
diseases with mAbs against CD4 or CD8 molecules (2-5)
since other than CD4* or CD8*, cell populations have the
functional capability to induce organ-specific autoimmunity
and might explain the occurrence of autoimmunity in pa-
tients with genetic or acquired immunodeficiency syndromes,
e.g., the high incidence of non-viral myocarditis in AIDS pa-
tients (30).

Autoimmunity in Mice Lacking CD4 or CD8 Molecules



The authors thank P. Ohashi, T. Kuendig, and K. Pfeffer for comments.

This work was supported by grants from the National Cancer Institute (NCI 717211601) and the Medical
Research Council (MRC 717222602) of Canada and the Austrian Fonds zur Foerderung der Wissenschaft-

lichen Forschung (8960).

Address correspondence to Tak W. Mak, Amgen Research Institute, Ontario Cancer Institute, and Depart-
ments of Medical Biophysics and Immunology, University of Toronto, 500 Sherbourne Street, M4X 1K9

Toronto, Ontario, Canada.

Received for publication 26 May 1993.

References

1.

~) O\

8.

10.

1.

12.

13.

14.

15.

Sinha, A.A., MT. Lopez, and H.O. McDevitt. 1990. Autoim-
mune diseases: the failure of self tolerance. Science (Wash. DC).
248:1380.

. Cobbold, S.P,, S. Qin, LYW. Leong, G. Martin, and H. Wald-

mann. 1992. Reprogramming the immune system for periph-
era] tolerance with CD4 and CD8 monoclonal antibodies. Im-
munol, Rev. 129:165.

. Shizuru, J.A., S.E. Alters, and C.G. Fathman. 1992. Anti-CD4

monoclonal antibodies in therapy: creation of nonclassical toler-
ance in the adult. Immunol. Rev. 129:105.

. Herve, P, E. Racadot, D. Wendling, L. Rumbach, P. Tiber-

ghien, J.Y. Cahn, M. Flesch, and J. Wijdens. 1992. Use of
monoclonal antibodies in vivo as a therapeutic strategy of al-

loimmune or autoimmune reactivity: the Besancon experience.
Immunol. Rev. 129:31.

. Riethmueller, G., E.P. Rieber, S. Kiefersauer, J. Prinz, P. van

der Lubbe, B. Meiser, F. Breedveld, J. Eisenburg, K. Kriiger,
K. Deusch, et al. 1992. From antilymphocyte serum to ther-
apeutic monoclonal antibodies: first experiences with a chi-

meric antibody in the treatment of autoimmune disease. Im-
munol. Rev. 129:81.

. Woodruff, J.E. 1980. Viral myocarditis. Am. J. Pathol, 101:425.
. James, T.N. 1983. Myocarditis and cardiomyopathy. N. Engl.

J. Med. 308:39.
Huber, S.A. 1992. Viral myocarditis —a tale of two diseases.
Lab Invest. 66:1.

. Wolfgram, L.J., KW. Beisel, A. Herskowitz, and N.R. Rose.

1986. Variations in the susceptibility of coxsackie Bs-induced
myocarditis among different strains of mice. J. Immunol. 136:
1846.

Neu, N., KW. Beisel, M.D. Traystman, N.R. Rose, and SW.
Craig. 1987. Autoantibodies specific for the cardiac myosin iso-
form are found in mice susceptible to coxsackievirus B;-
induced myocarditis. J. Immunol. 138:2488.

Rose, N.R., A. Herskowitz, D.A. Neumann, and N. Neu.
1988. Autoimmune myocarditis: a paradigma of post-infection
autoimmune disease. Immunol. Today 9:117.

Neu, N., N.R. Rose, K.W. Beisel, A. Herskowitz, G. Gurri-
Glass, and SW. Craig. 1987. Cardiac myosin induces myocar-
ditis in genetically predisposed mice. J. Immunol. 139:630.
Pummerer, C., P. Berger, M. Frihwirth, C. Ofner, and N.
Neu. 1991. Cellular infiltrate, major histocompatibility antigen
expression and immunopathogenic mechanisms in cardiac
myosin-induced myocarditis. Lah Invest. 65:538.

Smith, S.C., and P.M. Allen. 1991. Myosin-induced acute myo-
carditis is a T cell-mediated disease. J. Immunol. 147:2141.
Rahemtulla, A., W.P. Fung-Leung, MW. Schilham, T.M.

1841 Penninger et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27

Kiindig, S. Sambhara, A. Natendran, A. Arabian, A. Wakeham,
C.J. Paige, R.M. Zinkernagel, et al. 1991. Normal develop-
ment and function of CD8* cells but markedly decreased
helper cell activity in mice lacking CD4. Nature (Lond.). 353:180.
Fung-Leung, W.-P., M.W. Schilham, A. Rahemtulla, T.M.
Kiindig, M. Vollenweider, J. Potter, W. van Ewijk, and T.W.
Mak. 1991. CD8 is needed for development of cytotoxic T cells
but not helper T cells. Cell. 65:443.

Neu, N., SW. Craig, N.R. Rose, EL. Alvarez, and KW. Beisel.
1987. Coxsackie-virus induced autoimmune myocarditis in
mice: cardiac myosin autoantibodies do not cross-react with
the virus. Clin. Exp. Immunol. 69:566.

Bloom, B., P. Salgame, and B. Diamond. 1992. Revisiting and
revising suppressor T cells. Immunol. Today. 13:131.

Kobh, D.-R., W.-P. Fung-Leung, A. Ho, D. Gray, H. Acha-
Orbea, and TW. Mak. 1992. Less mortality but more relapses
in experimental allergic encephalomyelitis in CD8~/~ mice.
Science (Wash. DC). 256:1210.

Jiang, H., S.-L. Zhang, and B. Pernis. 1992. Role of CD8*
T cells in murine experimental allergic encephalomyelitis. Science
(Wash. DC). 256:1213.

Neu, N., B. Ploier, and C. Ofner. 1990. Cardiac-myosin in-
duced myocarditis: heart autoantibodies are not involved in the
induction of the disease. J. Immunol. 145:4094.

Neumann, D.A,, J.R. Lane, S.M. Wulff, G.S. Allen, A. Lafond-
Walker, A. Herskovitz, and N.R. Rose. 1992. In vivo deposi-
tion of myosin-specific autoantibodies in the hearts of mice
with experimental autoimmune myocarditis. J. Immunol. 148:
3806.

Sakaguchi, S., K. Fukuma, K. Kuribayashi, and T. Masuda.
1985. Organ-specific autoimmune diseases induced in mice by
elimination of T cell subset. I. Evidence for the active partici-
pation of T cells in natural self-tolerance; deficit of a T cell
subset as a possible cause of autoimmune disease. J. Exp. Med.
161:72,

Pluschke, G., D. Riiegg, R. Hohlfeld, and A.G. Engel. 1992.
Autoaggressive myocytotoxic T lymphocytes expressing an un-
usual y/8 T cell receptor. J. Exp. Med. 176:1785.

Cohen, P.L., and R.A. Eisenberg. 1991. Lpr and gld: single
gene models of systemic autoimmunity and lymphoprolifera-
tive disease. Anmu. Rev. Immunol. 9:243.

Fowlkes, BJ., A.M. Kruisbeek, H. TonThat, M.A. Weston,
J.E. Colligen, R. Schwartz, and D.M. Pardoll. 1987. A novel
population of Tcell receptor af3-bearing thymocytes which
predominantly express a single V.8 gene family. Nature (Lond.).
329:251.

. Crispe, .LN., MW. More, L.A. Husmann, L. Smith, M.].

Brief Definitive Report



28.

Bevan, and R.P. Shimonkevitz, 1987. Differentiation poten-
tial of subsets of CD4-8~ thymocytes. Nature (Lond.). 329:
336.

Pearse, M., P. Gallagher, A. Wilson, L. Wu, N. Fisicaro,
J.BA.P. Miller, R., Scollay, and K. Shortman. 1988. Molecular
characterization of T-cell antigen receptor expression by subsets
of CD4-CD8"~ murine thymocytes. Proc. Natl. Acad. Sci.
USA. 85: 6082.

1842

29.

30.

Takahama, Y., A. Kosugi, and A. Singer. 1991. Phenotype,
ontogeny, and repertoire of CD4-CD8" T cell receptor o3+
thymocytes. Viable influence of self-antigens on T cell receptor
VB usage. J. Immunol. 146:1134.

Beschorer, W.E., K. Baughman, R.P. Turnicky, G.M. Huts-
chins, S.A. Rowe, A.L. Kavanaugh-McHugh, D.L. Suresch,
and A. Herskowitz. 1990. HIV-associated myocarditis. Pa-
thology and Immunopathology. Am. J. Pathol. 137:1365.

Autoimmunity in Mice Lacking CD4 or CD8 Molecules



