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Abstract

I hypothesize that human chronic autoimmune diseases are based on infection of
autoreactive B lymphocytes by Epstein—Barr virus (EBV), in the following proposed
scenario. During primary infection, autoreactive B cells are infected by EBV,
proliferate and become latently infected memory B cells, which are resistant to the
apoptosis that occurs during normal B-cell homeostasis because they express virus-
encoded anti-apoptotic molecules. Genetic susceptibility to the effects of B-cell
infection by EBV leads to an increased number of latently infected autoreactive
memory B cells, which lodge in organs where their target antigen is expressed, and
act there as antigen-presenting cells. When CD4" T cells that recognize antigens
within the target organ are activated in lymphoid organs by cross-reactivity with
infectious agents, they migrate to the target organ but fail to undergo activation-
induced apoptosis because they receive a co-stimulatory survival signal from the
infected B cells. The autoreactive T cells proliferate and produce cytokines, which
recruit other inflammatory cells, with resultant target organ damage and chronic
autoimmune disease.

Epstein—Barr virus (EBV) has been suspected of involvement in the aetiology of
various human chronic autoimmune diseases since the finding of elevated levels of
antibodies to the virus in systemic lupus erythematosus (SLE) in 1971 *. There is now
a large body of evidence imaplicating the virus in several different autoimmune
diseases, including SLE * 2 °, multiple sclerosis (MS) #°®78, Sjogren's syndrome °*°
1 rheumatoid arthritis *?, autoimmune thyroiditis **, autoimmune hepatitis **,
cryptogenic fibrosing alveolitis * and pure red cell aplasia ***. Published hypotheses
generally focus on individual autoimmune diseases and are based primarily on cross-
reactivity between EBV and self-antigens or on EBV-targeted immune-mediated
organ damage. Here, | propose a novel hypothesis that is based primarily on the
unique ability of EBV to infect, activate and latently persist in B lymphocytes,
including autoreactive B cells, and that incorporates the known association of
different autoimmune diseases in individuals and among family members. The
advantage of this hypothesis over previous hypotheses for a unique role of EBV in
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chronic autoimmune disease is that it is based on what is unique about the relationship
between EBV and the immune system, namely its ability to immortalize B cells,
rather than what is common to all viruses, which is the potential for molecular
mimicry and cross-reactivity between viral and self-antigens. The hypothesis also
incorporates a role for CD4+ T-cell cross-reactivity between viral (including EBV)
antigens and self-antigens to explain why people with different MHC class Il genes
develop chronic autoimmune disease in different target organs following EBV
infection of B cells. My hypothesis differs from that of Haahr and Munch 8, in that it
provides a rationale for the importance of B-cell infection by EBV, it implicates
genetic susceptibility and all chronic autoimmune diseases (not just MS) and it does
not involve a retrovirus.

1. Universally high prevalence of EBV seropositivity in MS and SLE

Elevated levels of antibodies to various viruses are present in people with different
chronic autoimmune diseases. What is unique and striking about the serology for
EBV is that it is almost universally (>99%) positive in those autoimmune diseases in
which it has been thoroughly studied, namely SLE ® and MS ’, compared to a
positivity rate of 90% in the general adult population. The positivity rate of 99% in
SLE is maintained even in young subjects where the general rate is only 70% °. These
findings do not apply to other herpes viruses. Further studies are required to determine
whether other human chronic autoimmune diseases are also associated with such a
high seropositivity rate for EBV.

The fact that virtually all individuals with SLE or MS are EBV-seropositive suggests
that prior infection with EBV is essential for the development of these autoimmune
diseases. However, infection itself is clearly not sufficient for disease development.
The timing and severity of primary infection also have a role. Chronic autoimmune
diseases are uncommon in the developing world where primary infection with EBV
occurs much earlier and probably with a lower dose of virus than in the developed
world *°. Furthermore, a definite clinical history of infectious mononucleosis, which
indicates primary infection with a high frequency of infected B cells *°, further
increases the risk of MS in EBV-seropositive subjects (eightfold, if infection occurs
before the age of 18 years) °. Recently, Levin et al. &, in a study of blood samples from
US military personnel collected before the onset of MS, have shown that the presence
of high titres of antibodies to EBV increases the risk 34-fold for developing MS.
However, differences in environmental exposure to EBV are not sufficient to explain
why only a minority of infected individuals develops autoimmune disease. There must
also be another determinant. Is genetic susceptibility to the effects of B-cell infection
by EBV the determinant?

2. Genetic susceptibility to ‘autoimmunity-in-general’ in individuals with
different chronic autoimmune diseases

Genetic factors clearly contribute to the development of chronic autoimmune
diseases. MHC class Il genes account for part of the genetic susceptibility but other
genes must also be involved. The fact that individual autoimmune diseases, such as
MS, are associated with other autoimmune diseases in affected individuals and family
members 2° %, suggests a genetic predisposition to ‘autoimmunity-in-general’. Indeed,
studies on autoimmune family pedigrees have led to the proposal that autoimmunity is



an autosomal dominant trait with penetrance (disease expression) in ~92% of females
and 49% of males carrying the abnormal gene %% Is the autoimmune trait a result of a
genetic susceptibility to the effects of B-cell infection by EBV? There are several
possible general mechanisms for such genetic susceptibility, namely: increased uptake
of virus by B cells (e.g. increased expression of CD21, the receptor for the virus),
decreased elimination of virus-infected B cells by EBV-specific cytotoxic CD8+ T
cells (e.g. due to decreased processing of EBV antigens or decreased expression of
MHC class | molecules), and indirect mechanisms superimposed on B-cell infection
(e.g. a genetic defect in the immunoregulation of autoreactive B cells).

3. Infection of B cells of normal individuals with EBV results in the
production of monoclonal autoantibodies

When EBYV infects resting B cells in vitro, it drives them into activation and
proliferation independently of T-cell help. Infection of B cells from normal
individuals in vitro results in the production of monoclonal autoantibodies reacting
with antigens in multiple organs %. This accounts for the transient appearance of
autoantibodies during the course of infectious mononucleosis *°. Usually, the
proliferating infected B cells are eventually eliminated by EBV-specific cytotoxic
CD8+ T cells (Figure 1) but latently infected non-proliferating memory B cells persist
in the individual for life **. Antigen-driven differentiation of latently infected memory
B cells into plasma cells might trigger entry into the lytic cycle with the production of
infectious virus .
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Figure 1. Role of B cells latently infected by EBV in chronic autoimmune disease. During primary
infection with EBV, EBV infects B cells, including autoreactive B cells, in the tonsil (Step 1), causing
them to undergo T-cell-independent clonal expansion (Step 2). The activated infected B cells circulate
in the blood (Step 3). The number of infected B cells is normally controlled by EBV-specific cytotoxic
CD8" T cells, which kill the infected B cells (Step 4) but not if there is a genetically determined defect
in this mechanism, for example, decreased MHC class | expression on B cells. Surviving EBV-infected
autoreactive B cells lodge and persist in organs containing the self-antigen they recognize (Step 5).
When CD4" T cells are activated in peripheral lymphoid organs following viral (including EBV)
infections, they circulate in the peripheral blood, traffic through non-lymphoid organs and lodge in the
target organ containing the self-antigen with which they cross-react (Step 6 or 8). Normally, these T
cells are eliminated in the target organ by activation-induced T-cell apoptosis following interaction
with class Il MHC-expressing non-professional APCs (Step 8). However, if instead they interact with
EBV-infected autoreactive B cells lodged in the organ, they receive a co-stimulatory survival signal
that inhibits activation-induced T-cell apoptosis (Step 6). The CD4" T cells survive, activate the B cells
to produce Ab, which reacts with the target organ, and act as effector T cells leading to autoimmune
target organ damage (Step 7). Abbreviations: Ab, antibody; APCs, antigen-presenting cells; BCR, B-
cell receptor; EBV, Epstein—Barr virus; ep-MHC, EBV peptide complexed to MHC class I; IFN-7,

interferon-7; IL-2, interleukin-2; TCR, T-cell receptor; TNF—#f'., tumour necrosis factor—rr}; tp-MHC,
target antigen peptide complexed to MHC class 11. B7 represents co-stimulatory molecules and CD28
represents their receptors on the T cell.




4. Defective T-cell control of EBV-infected B cells in different chronic
autoimmune diseases

Patients with rheumatoid arthritis (RA) have an abnormally increased frequency of
circulating EBV-infected B cells **. This is not due to an increased uptake of virus by
B cells but could be explained by the defective control of infected B cells by EBV-
specific T cells 1% A similar defect is also present in MS °, SLE 2 and Sjogren's
syndrome °*°. In SLE, T cells from normal EBV-seropositive subjects can control the
numbers of infected B cells from SLE patients but T cells from patients cannot control
infected B cells from normal subjects or patients ?; this indicates impaired viral
control by T cells. In Sjogren's syndrome, the defective viral control is due to
decreased EBV-specific T-cell cytotoxicity °. However, all these studies on T-cell
control of EBV in chronic autoimmune disease were performed before the
identification of CD8+ T-cell EBV epitopes and have not been subsequently studied
in the light of this knowledge. Nevertheless, these early studies raise the possibility
that a genetically determined defect in the generation of EBV-specific cytotoxic
CD8+ T cells might lead to the impaired elimination of EBV-infected B cells in
chronic autoimmune disease.

One possible genetic mechanism for decreased EBV-specific cytotoxic CD8+ T cells
is deficient MHC class | expression on B cells, which has been reported to occur in
chronic autoimmune diseases, including insulin-dependent diabetes mellitus,
Hashimoto's thyroiditis, Graves' disease, SLE, RA, Sjoégren's syndrome and MS #2¢,
although it remains unclear whether the reported decrease is sufficient to account for
decreased T-cell cytotoxicity. Alternatively, it could be argued that the above T- and
B-cell changes in chronic autoimmune disease might be secondary to immune
dysfunction associated with autoimmune disease, and that a genetic defect in the
immunoregulation of B cells could enable the persistence and proliferation of memory
autoreactive B cells infected with EBV.

5. Do EBV-infected autoreactive B cells persist in the target organs and
promote autoimmune disease?

I propose that, following primary EBV infection in individuals with a genetic
predisposition to autoimmunity, virus-infected activated autoreactive B cells circulate
in the blood and accumulate in organs containing the target antigen. Activated
antigen-specific B cells can traffic across even the intact blood—brain barrier and can
lodge in the brain if the antigen is present >’. Thus, it appears that activated B cells
traffic in the same way as activated T cells, which preferentially migrate from the
blood into non-lymphoid organs, as opposed to resting T cells, which exit through
lymph node high-endothelial venules ?°. The EBV-infected autoreactive B cells might
persist in the target organ independently of T-cell help because latently-infected B
cells express viral latent membrane proteins that protect them from the apoptosis that
occurs during normal B-cell homeostasis 2* and in the target organ in self-limited
autoimmune disease %°. Latently infected B cells could be the source of the
monoclonally expanded B cells in the salivary glands in Sjogren's syndrome *, the
thyroid gland in autoimmune thyroiditis ** and the brain in MS *. These B cells could
act as antigen-presenting cells (APCs), which present their cognate antigen and other
physically linked self-antigens to activated autoreactive T cells trafficking through the
target organ ( Figure 1).



Healthy subjects experience surges of circulating autoreactive T cells, presumably
activated by cross-reacting infectious agents *. I have proposed that these T cells
would normally be eliminated in the target organ by activation-induced apoptosis (
Figure 1) but could survive if they received co-stimulatory signals from professional
APCs, such as B cells 3. Autoreactive B cells latently infected by EBV might
provide this co-stimulatory survival signal to T cells in the target organ. The
autoreactive T cells could then proliferate and produce cytokines, which recruit and
activate macrophages and other B and T cells, with resultant target organ damage. In
turn, target organ damage would lead to the release of autoantigens and further T-cell
and B-cell activation, with spreading of the immune response to other antigens and
perpetuation of the immune attack. Latently infected B cells might also produce B-
cell-attracting chemokine-1, enabling the development of germinal centres in the
target organ *°. This model would not depend on latently infected B cells becoming
Iytically infected and releasing infectious virus in the target organ, but if this occurred
after differentiation into plasma cells, it could lead to infection and proliferation of
other autoreactive B cells and to recruitment of T cells specific for lytic-cycle viral
antigens with further immune attack. The presence of EBV-infected B cells in the
target organ could also result in the development of B-cell lymphoma, which has been
reported to occur within the salivary glands in Sjégren's syndrome *”, within the
thyrggd gland in autoimmune thyroiditis *® and within the central nervous system in
MS .

6. Role of MHC

Specific alleles of MHC class Il have an important role in determining the risk of
developing particular autoimmune diseases. The mechanism for this is unclear but one
possibility is that these specific alleles determine which self-antigens (and therefore
which organs) are recognized by cross-reacting CD4+ T cells that have been activated
by foreign antigens. This situation might be analogous to that proposed for the
shaping of the CD8+ T-cell repertoire against alloantigens by MHC class I-restricted
antiviral T-cell responses *°. Acute viral infections, including EBV, can lead to
dramatic clonal expansion of T cells #*“°, which could cross-react with other antigens.
For example, CD8+ T-cell clones specific for a HLA-B8-restricted EBV epitope
cross-react with several common HLA-B alleles as alloantigens “°; EBV-specific T
cells cross-react with self-HLA alleles in oligoarticular juvenile idiopathic arthritis **;
and a CD4+ T-cell clone reacts with both a DRB5*0101-restricted EBV peptide and a
DRB1*1501-restricted myelin basic protein peptide in MS *2. During acute EBV and
other viral infections, MHC class Il genes will determine the fine specificities of the
virus-reactive CD4+ T-cell populations and thus determine which self-antigens are
targeted by cross-reacting virus-specific CD4+ T cells, and therefore in which organs
autoimmune disease develops after interaction between the circulating activated T
cells and resident autoreactive B cells. Thus, CD4+ T-cell cross-reactivity between
viral antigens and self-antigens could explain why people with different class 1l MHC
genes develop chronic autoimmune disease in different target organs following EBV
infection of B cells. This model does not depend on recognition of B-cell EBV
antigens by EBV-specific T cells in the target organ but if this occurred it would
contribute to the immune attack.

7. Testing the hypothesis



To test the hypothesis, first, monoclonal B-cell populations could be isolated from
target organs (e.g. cerebrospinal fluid, thyroid gland, synovium) and examined to
determine whether they express EBV-encoded small nuclear RNAs (EBERS), virus-
encoded anti-apoptotic latent membrane proteins, co-stimulatory molecules and B-
cell-attracting chemokine-1, and also to determine whether they are autoreactive
against the organ from which they have been isolated. These studies will be
technically demanding, will require the use of appropriate controls and will need care
in analysis and interpretation. For example, in a study using a highly sensitive in situ
hybridization technique to detect EBERS in synovial membrane biopsy samples of
patients with RA, it was concluded that there was a lack of evidence for involvement
of EBV ®. Yet, the study actually found EBERS in seven (19%) of 37 patients with
RA and in zero of 51 patients with other joint diseases; cells expressing EBERS were
B cells and plasma cells. These results could also be interpreted as supporting a role
for EBV infection of B cells in the pathogenesis of RA if the negative results in the
other patients with RA were due to the limitations imposed by sampling.

Second, it could be determined whether autologous EBV-specific cytotoxic CD8* T
cells from the peripheral blood fail to kill EBV-infected autoreactive B cells from the
target organ, for example, because of defective MHC class | expression by B cells.
Third, it could be analyzed whether EBV-specific CD4" T-cell lines react with self-
antigens from the target organ presented by autologous APCs. Unlike the other tests
proposed here, this test does not depend on B-cell infection by EBV but rather is a test
for cross-reactivity between EBV and self-antigens. Fourth, monozygotic twins
discordant for autoimmune disease should be tested for differences in frequencies of
EBV-infected B cells, T-cell cytotoxicity against infected B cells and MHC class |
expression. Finally and most importantly, if the hypothesis is correct, control of EBV-
infected B cells should inhibit the progression of chronic autoimmune diseases. Such
control might be achieved by: general B-cell depletion (e.g. by rituximab);
transferring EBV-specific cytotoxic CD8" T cells; antiviral agents or agents that
interfere with the anti-apoptotic effects of viral latent membrane proteins.

Acknowledgements

I thank the National Health and Medical Research Council of Australia and Multiple
Sclerosis Australia for financial support.

References

1. A.S. Evans et al., Raised antibody titres to E.B. virus in systemic lupus
erythematosus. Lancet 1 (1971), pp. 167-168.

2. G.C. Tsokos et al., Epstein—Barr virus induces normal B cell responses but
defective suppressor T cell responses in patients with systemic lupus erythematosus.
J. Immunol. 131 (1983), pp. 1797-1801.

3. J.A. James et al., An increased prevalence of Epstein—Barr virus infection in young
patients suggests a possible etiology for systemic lupus erythematosus. J. Clin. Invest.
100 (1997), pp. 3019-3026.



4. K.B. Fraser et al., Increased tendency to spontaneous in vitro lymphocyte
transformation in clinically active multiple sclerosis. Lancet 2 (1979), pp. 175-176.

5. J.C. Craig et al., T-cell-mediated suppression of Epstein—Barr virus-induced B
lymphocyte activation in multiple sclerosis. Clin. Immunol. Immunopathol. 48
(1988), pp. 253-260.

6. C.N. Martyn et al., Symptomatic Epstein—Barr virus infection and multiple
sclerosis. J. Neurol. Neurosurg. Psychiatry 56 (1993), pp. 167-168.

7. A. Ascherio and M. Munch, Epstein—Barr virus and multiple sclerosis.
Epidemiology 11 (2000), pp. 220-224.

8. L.I. Levin et al., Multiple sclerosis and Epstein—Barr virus. J. Am. Med. Assoc. 289
(2003), pp. 1533-1536.

9. S. Whittingham et al., Primary Sjogren's syndrome after infectious mononucleosis.
Ann. Intern. Med. 102 (1985), pp. 490-493.

10. K. Yamaoka et al., Possible involvement of Epstein—Barr virus in polyclonal B
cell activation in Sjogren’s syndrome. Arthritis Rheum. 31 (1988), pp. 1014-1021.

11. M. Nagasaki et al., A novel EBV-related nucleo-cytoplasmic antigen in a null
cell-line (HLN-STL-C) reactive to antibodies in the sera from patients with Sjogren's
syndrome. J. Autoimmun. 2 (1989), pp. 457-462.

12. G. Tosato et al., Abnormally elevated frequency of Epstein—Barr virus-infected B
cells in the blood of patients with rheumatoid arthritis. J. Clin. Invest. 73 (1984), pp.
1789-1795.

13. J. Vrbikova et al., Epstein—Barr virus serology in patients with autoimmune
thyroiditis. Exp. Clin. Endocrinol. Diabetes 104 (1996), pp. 89-92.

14. S. Vento et al., Epstein—Barr virus as a trigger for autoimmune hepatitis in
susceptible individuals. Lancet 346 (1995), pp. 608-609.

15. J.M. Vergnon et al., Cryptogenic fibrosing alveolitis and Epstein—Barr virus: an
association?. Lancet 2 (1984), pp. 768-771.

16. H. Katayama et al., Epstein—Barr virus associated diffuse large B-cell lymphoma
complicated by autoimmune hemolytic anemia and pure red cell aplasia. Leuk.
Lymphoma 42 (2001), pp. 539-542.

17. M. Daibata et al., Pure red cell aplasia in a patient with trisomy X chromosome
abnormality and reactivated Epstein—Barr virus infection. Int. J. Hematol. 77 (2003),
pp. 354-358.

18. S. Haahr and M. Munch, The association between multiple sclerosis and infection
with Epstein—Barr virus and retrovirus. J. Neurovirol. 6 Suppl 2 (2000), pp. S76-S79.



19. A.B. Rickinson and E. Kieff, Epstein—Barr virus. In: D.M. Knipe and P.M.
Howley, Editors, Fields Virology, Lippincott Williams & Wilkins (2001), pp. 2575
2627.

20. P.A. McCombe et al., Familial occurrence of multiple sclerosis with thyroid
disease and systemic lupus erythematosus. J. Neurol. Sci. 97 (1990), pp. 163-171.

21. R.D. Henderson et al., The occurrence of autoimmune diseases in patients with
multiple sclerosis and their families. J. Clin. Neurosci. 7 (2000), pp. 434-437.

22. W.B. Bias et al., Evidence that autoimmunity in man is a Mendelian dominant
trait. Am. J. Hum. Genet. 39 (1986), pp. 584-602.

23. C. Garzelli et al., Epstein—Barr virus-transformed lymphocytes produce
monoclonal autoantibodies that react with antigens in multiple organs. J. Virol. 52
(1984), pp. 722-725.

24. D.A. Thorley-Lawson, Epstein—Barr virus: exploiting the immune system. Nat.
Rev. Immunol. 1 (2001), pp. 75-82.

25. Y. Fu et al., Defective major histocompatibility complex class | expression on
lymphoid cells in autoimmunity. J. Clin. Invest. 91 (1993), pp. 2301-2307.

26. F. Li et al., Reduced expression of peptide-loaded HLA class | molecules on
multiple sclerosis lymphocytes. Ann. Neurol. 38 (1995), pp. 147-154.

27. P.M. Knopf et al., Antigen-dependent intrathecal antibody synthesis in the normal
rat brain: tissue entry and local retention of antigen-specific B cells. J. Immunol. 161
(1998), pp. 692-701.

28. C.R. Mackay et al., Naive and memory T cells show distinct pathways of
lymphocyte recirculation. J. Exp. Med. 171 (1990), pp. 801-817.

29. C.A. White et al., B cell apoptosis in the central nervous system in experimental
autoimmune encephalomyelitis: roles of B cell CD95, CD95L and Bcl-2 expression.
J. Autoimmun. 14 (2000), pp. 195-204.

30. A. Fishleder et al., Uniform detection of immunoglobulin-gene rearrangement in
benign lymphoepithelial lesions. N. Engl. J. Med. 316 (1987), pp. 1118-1121.

31. S. Matsubayashi et al., Hashimoto's thyroiditis manifesting monoclonal
lymphocytic infiltration. Clin. Exp. Immunol. 79 (1990), pp. 170-174.

32.Y. Qin et al., Clonal expansion and somatic hypermutation of VH genes of B cells
from cerebrospinal fluid in multiple sclerosis. J. Clin. Invest. 102 (1998), pp. 1045-
1050.

33. M.P. Pender et al., Surges of increased T cell reactivity to an encephalitogenic
region of myelin proteolipid protein occur more often in patients with multiple
sclerosis than in healthy subjects. J. Immunol. 165 (2000), pp. 5322-5331.



34. M.P. Pender, Genetically determined failure of activation-induced apoptosis of
autoreactive T cells as a cause of multiple sclerosis. Lancet 351 (1998), pp. 978-981.

35. M.P. Pender, Activation-induced apoptosis of autoreactive and alloreactive T
lymphocytes in the target organ as a major mechanism of tolerance. Immunol. Cell
Biol. 77 (1999), pp. 216-223.

36. K. Shi et al., Lymphoid chemokine B cell-attracting chemokine-1 (CXCL13) is
expressed in germinal center of ectopic lymphoid follicles within the synovium of
chronic arthritis patients. J. Immunol. 166 (2001), pp. 650-655.

37. D. Biasi et al., Mucosa-associated lymphoid tissue lymphoma of the salivary
glands occurring in patients affected by Sjogren's syndrome: report of 6 cases. Acta
Haematol. 105 (2001), pp. 83-88.

38. R.K. Pedersen and N.T. Pedersen, Primary non-Hodgkin's lymphoma of the
thyroid gland: a population based study. Histopathology 28 (1996), pp. 25-32.

39. G.P. Bender and R.T. Schapiro, Primary CNS lymphoma presenting as multiple
sclerosis. A case study. Minn. Med. 72 (1989), pp. 157-160.

40. S.R. Burrows et al., The influence of antiviral T-cell responses on the alloreactive
repertoire. Immunol. Today 20 (1999), pp. 203-207.

41. M. Massa et al., Proinflammatory responses to self-HLA epitopes are triggered by
molecular mimicry to Epstein—Barr virus proteins in oligoarticular juvenile idiopathic
arthritis. Arthritis Rheum. 46 (2002), pp. 2721-2729.

42. H.L.E. Lang et al., A functional and structural basis for TCR cross-reactivity in
multiple sclerosis. Nat. Immunol. 3 (2002), pp. 940-943.

43. G. Niedobitek et al., Lack of evidence for an involvement of Epstein—Barr virus
infection of synovial membranes in the pathogenesis of rheumatoid arthritis. Arthritis
Rheum. 43 (2000), pp. 151-154.



