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A
�

bstract. Systemic lupus erythematosus is a prototypic autoimmune disease that afflicts predominan� tly women
d

�
uring their child-bearing age. The disease is characterized by the production of autoantibo	 dies and immune

c
 omplexes in association with a diverse array of clinical manifestations. Investigation into the etiopathogenesis
h

�
as been directed at identifying the genes that provide susceptibility to the disease, the com� plex cellular and

c
 ytokine aberrations and the biochemical abnormalities that are responsible for them. Unde
 rstanding the immune
c
 ell signaling and gene transcription abnormalities will help us tailor new strategies for eff

�
icient biotherapy of

t
�
he disease.
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Introduction

Systemic lupus erythematosus (SLE) is an idiopa-
t

�
hic autoimmune disease characterized by disorders of

c
 ellular and humoral immune response leading to auto-
a� ntibody production. SLE predominantly afflicts
w� oman (9:1 compared with men) in their child-bearing
a� ge. People of African, Afro-Caribbean, Asian, Native
American and East Asian descent are more likely to
d

�
evelop SLE and may have a more sever course of

d
�
isease and prognosis than Caucasians. The autoim-

mune response leads to abnormal production of a wide
spectrum of autoantibodies forming immune complexes
t

�
hat deposit on tissues propagating a chronic inflamma-
t

�
ory process that destroys organ parenchyma and results

in end-stage organ failure. The precise pathogenic
t

�
issue bound antibody, immune complexes, autoreac-

t
�
ive T cells and by-products of the immune cell activa-

t
�
ion, like cytokines, are the principal effectors of this

i
�
nflammatory process. The current treatment of SLE

c
 enters on regimens that include corticosteroids and cy-
t

�
otoxic drugs. 

D
�

espite considerable research, the etiology of SLE
remains elusive. Genetic, hormonal, environmental and
i

�
mmunomodulatory factors contribute to the pathogen-

e
 sis of SLE. A central role for T cells is suggested in
t

�
he pathogenesis of the disease, and immune aberra-

t
�
ions of SLE T cells are considered to be the primary

e
 vent in the pathologic process. Identifying the under-
lying genetic and biochemical mechanisms will contrib-
u� te to our understanding of the etiopathogenesis of SLE
a� nd identify novel targets for pharmacological interven-
t

�
ion. Here we discuss the newest developments in the

molecular and cellular pathogenesis of human lupus
w� ith more emphasis on abnormal immune cell sig-
naling.
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E
�

tiologic Factors Involved in Human SLE

G
�

enome-wide searches in families with multiple af-
f

�
ected members revealed the involvement of a large

number of genes contributing to the expression of the
d

�
isease and are distributed through out the genome,

a� lthough most cluster in the 1q and 6p chromosomes10,

13, 53 (Table 1). The latter includes genes for HLA and
c
 omplement factors. Etiologic genes in these disorders
d

�
etermine susceptibility, and no particular gene is

necessary or sufficient for disease expression. How-
e
 ver, almost all of the patients with deficient C1r/C1s
C

�
2 and C4 genes that are integral to the immune re-

sponse develop SLE. In African Americans, chromo-
some region 1q was found to have the strongest linkage
a� nd candidate genes in this interval include Fcγ� R

�
IIA,

Fcγ� RIIIA, Fcγ� RIIIB and the ζ chain of the T cell re-
c
 eptor (TCR) complex16. Environmental factors include
u� ltraviolet light, a large list of medications, and infec-
t

�
ions including viruses and other pathogens. Predomi-

n� ant female preponderance of SLE suggests that hor-
m� onal factors play a critical role in SLE pathogenesis.
Hormonal factors (estrogens) are very important and
a� re involved in the regulation of the transcription of
g� enes central to the expression of SLE. In T cells of
females with SLE, estradiol augments expression and
a� ctivity of calcineurin suggesting that there is a gender-
-specific estrogen receptor dysfunction that might mod

�
u-

late immune response and contribute the autoimmune
d

�
iathesis42. No single factor can cause the disease;

m� ultiple factors should act simultaneously or sequen-
t

�
ially to cause the disease. Relative contribution of each

f
�
actor varies among patients. A summary of the pro-

p� osed view of pathogenesis of SLE is shown in Fig. 1.

I
�
mmune Cell Aberrations

I
�
mmune system abnormalities seen in SLE are

multiple and diverse5
�
4, 55. Central among them is the

p� resence of overactive B cells responsible for the pro-
d

�
uction of autoantibodies. B cells operate under the

c
 ontrol of T cells, which provide cognate help by en-
g� aging costimulatory pairs of molecules on the surface
o	 f interacting immune cells. Accumulating evidence
suggests that a fundamental disorder of both CD4+�

T helper and CD8+ T cell cytotoxic/suppressor func-
t

�
ions exists in SLE5

�
4. The physiologic ratio of circulat-

ing CD4+ Th1 to Th2 is skewed toward Th2 cells in
SLE, resulting in a diminished generation of interleukin
2

 
 (IL-2), and interferon γ�  (IFN-γ� )

!
 by Th1 cells and

a� ugmented production of IL-6 and IL-1015. Activated
C

�
D4+ Th cells bearing increased cell surface CD40 li-

g� and (CD40L) and CD11a/CD18 (lymphocyte function
a� ssociated antigen-1) overproduce IL-6 and IL-10. In
t

�
urn, CD4+ Th2 cells interact with B cells driving over-

p� roduction of immunoglobulins by pathogenic B cell
c
 lones directed against components of cell nucleus in
human SLE. Simultaneously, in response to antigens
such as tetanus toxoid and viruses, the T cells display
d

�
ecreased cellular cytotoxic responses and decreased

p� roduction of IL-2 that may contribute to the increased
r" ate of infections in SLE patients.

Table 1. Possible susceptibility loci for systemic lupus erythematosus

Complement pathway
   C2, C4, C1q
   complement receptor 1 and 2 
   mannose binding protein
Human major histocompatibility complex
   DR3, DR2, DQ2, DQ6 containing haplotypes
Lymphokines
   tissue necrosis factor α#  (TNF-α#  gene promoter)
   TNF receptor,
   IL-6, IL-10
Fc receptors
   Fcγ$ R

%
IIA, Fcγ$ R

%
IIIA

Apoptosis factors
   Poly (ADP-ribose) polymerase
   Bcl2
   Fas ligand
Cell signaling
   PKA-I and PKA-II

Fig. 1. Schematic view of the summary of etiopathogenic processes
in systematic lupus erythematosus. In SLE, apoptotic cells are not
properly cleared by macrophages, exposing antigen-presenting cells
and B cells to nuclear components of the apoptotic cells. Antigen
presentation occurs resulting in the production of autoantibodies
that interact with autoantigen forming immune complexes. De-
creased rate of the clearance of the autoantibodies and immune
complex by the reticuloendothelial system through the Fc and com-
plement receptor leads to its deposition in various tissues cause
diverse clinical manifestations. In addition, activated cells may home
inappropriately in tissues developing vasculitis. Multiple etiologic fac-
tors (shown in italics) contribute to the pathogenesis of SLE and relative
contribution of each factor varies among individuals
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T
&

 Cell Signaling Abnormalities

Immune cells respond to external antigens following
t

�
heir engagement to the antigen receptor through
a�  series of biochemical processes involving protein ty-
rosine phosphorylation, calcium mobilization and acti-
v' ation of transcription factors, known as cell signaling.
The antigen receptor, TCR/CD3, is a multisubunit
c
 omplex consisting of α and β chains, the CD3γ� , δ, and
ε(  chains, and a ζ-ζ homodimer6

)
0, 61 or heterodimer of

ζ with η*  chain or γ�  chain of the high affinity IgE re-
c
 eptor Fcε( RI. The disulfide-linked α-β heterodimer is
r" esponsible for antigen recognition, whereas CD3ε( -δ,
C

�
D3ε( -γ� , and ζ-ζ homodimers couple with the α-β

c
 hains to initiate intracellular signal transduction. Each
subunit of the ζ chain homodimer possesses three im-
mune receptor tyrosine-activated motifs (ITAMs)
w� hereas other CD3 chains contain one ITAM each.
U

+
pon TCR activation, the tyrosine residues within the

ITAMs become phosphorylated by Lck and Fyn, lead-
i

�
ng to the association and activation of ZAP-70. Once

a� ctivated, Fyn, Lck, Syk and ZAP-70 cooperate in the
t

�
yrosine phosphorylation, activation and juxtaposition

o	 f downstream signal transducers that contribute to the
initiation of microtubule-associated protein (MAP) ki-
nase cascades, PI3-kinase activation, Ca2+ flux, and ac-
t

�
ivation of transcription factors (Fig. 2). Eventually,

t
�
hese transcription factors translocate to the nucleus and

modulate the expression of genes that regulate lympho-
c
 yte activation, cellular proliferation, anergy or apop-
t

�
osis, secretion of soluble mediators and effector func-

t
�
ions.

F
,

ollowing engagement of the antigen receptor,
T and B lymphocytes from SLE patients respond rapid-
ly by hyperphosphorylating a number of cytosolic sig-
n� aling protein intermediates and increasing their con-
c
 entration of free calcium3

-
1, 59 (Table 2). This abnormal

r" esponse occurs in both principal T cell subsets and in
c
 ell cultures propagated in vitro. In SLE T cells, the
more sustained supranormal calcium response has
a�  faster kinetics and is observed under deficient TCR
ζ c
 hain expression3

-
, 30, 51. The deficient TCR ζ chain

has also been associated with decreased activation in-
d

�
uced cell death in SLE T cells27. The TCR ζ chain is

c
 onsidered to be the limiting factor in T cell receptor
a� ssembly, transport and surface expression and is cru-

Fig. 2. The current model of T cell signal transduction in T lymphocytes depicting the molecular defects identified in SLE. Upon TCR
a. ctivation by antigen, the tyrosine residues within the three ITAMs (—)

/
 become phosphorylated by Lck and Fyn, leading to the association

a. nd activation of ZAP-70. Once activated, Fyn, Lck, Syk and ZAP-70 cooperate in the tyrosine0  phosphorylation, activation and juxtapo-
s1 ition of downstream signal transducers that contribute to the initiation of MAP kinase cascades, PI 3-kinase activation, Ca2+ flux and
a. ctivation of transcription factors. Eventually these transcription factors translocate to the nucleus and modulate the expression of genes
t
2
hat regulate lymphocyte activation, cellular proliferation, anergy or apoptosis, secretion of soluble mediators and effector functions.

S
3

ignaling abnormalities currently identified in SLE T cells are indicated in black circles1 . a – deficient CD45 phosphatase; b – TCR ζ
4
 chain

d
5
eficiency; c – moderate increase in inositol trisphosphate (IP3); d – increased and sustained intracellular calcium levels; e – reduced PKC

p6 hosphorylation; f – deficient protein kinase A I activity; g – impaired protein kinase A
�

 II activity and increased nuclear translocation of
t
2
he free RIIβ

7
 subunit; h – reduced Ras-MAP kinase signaling; i – increased expression of Fcε8 RIγ$  chain that replaces the deficient TCR

ζ
4
 chain; j – increased expression of CD40 ligand

M. P. Nambiar et al.: Molecular Pathogenesis of SLE 37



c
 ial to receptor signaling function6
)
0, 61. TCR ζ c
 hain

a� lso has been implicated in the selection of the TCR
repertoire and in the prevention of autoimmunity.
A

9
 vast majority of the SLE patients also display a de-

c
 reased expression of TCR ζ chain mRNA. The TCR
ζ c
 hain transcript is generated as the spliced product of
8 exons that are separated by distances of 0.7 kb to
m� ore than 8 kb19. TCR ζ c
 hain gene is located in chro-
mosome 1q2347, 62. Genes encoded in chromosome 1q
h

�
ave been suggested to contribute to genetic predispo-

sition and susceptibility to SLE by genome-wide scans
o	 f mulitplex SLE families10, 11, 13, 36, 44. Genetic linkage
o	 f the TCR ζ chain gene to the Fcγ� R

�
II and Fγ� R

�
III gene

c
 luster, a candidate locus implicated in genetic suscep-
t

�
ibility to SLE, suggest that TCR ζ chain might play an

i
�
mportant role in genetic predisposition to SLE19.

Although the precise molecular mechanisms under-
lying ζ chain deficiency is still being examined, current
e
 vidence supports the possibility of a transcriptional
d

�
efect. In SLE T cells that expressed low levels of TCR

ζ chain transcripts, cloning and sequencing revealed
m� ore frequent heterogeneous polymorphisms/mutations
a� nd alternative splicing of TCR ζ chain3

-
8, 51, 58. Most

o	 f these mutations are localized to the three ITAMs or
g� uanosine triphosphate (GTP)-binding domain and
c
 ould functionally affect the ζ chain providing a mole-
c
 ular basis to the known T cell signaling abnormalities
i

�
n SLE T cells. Absence of the mutations/polymorph-
isms in the genomic DNA suggests that these are the
c
 onsequence of irregular RNA editing. SLE patients
a� lso showed significant increase in the splice variants
o	 f the ζ chain. The splicing abnormality included two
insertion splice variants of 145 bases and 93 bases be-
t

�
ween exons I and II and also several deletion splice
v' ariants of TCR ζ c
 hain resulting from the deletion of
individual exons II, VI, VII or a combined deletion of

e
 xons V and VI; VI and VII; II, III and IV; and V, VI
a� nd V

:
II in SLE T cells3

-
7. Transfection of a mouse ζ-de-

ficient cell line, MA5.8, with the alternatively spliced
i

�
soforms of the TCR ζ c
 hain and TCR/CD3 activation,

showed functional variation among the splice variants
a� nd the wild-type TCR ζ c
 hain. However, the surface
e
 xpression of the TCR remained similar in MA5.8 cells
t

�
ransfected with the alternatively spliced isoforms of

t
�
he TCR ζ chain, suggesting that the splice variation

d
�
oes not impair assembly, transport and surface ex-

p� ression of TCR.
Real time PCR analysis of the TCR ζ chain 3′u� n-

t
�
ranslated region showed an alternatively spliced 344

b
;
p product with both splicing donor and acceptor sites,

resulting from deletion of nucleotides from 672 to 1233
o	 f TCR ζ c
 hain mRNA. Unlike the normal TCR
ζ c
 hain, the expression of the TCR ζ c
 hain with the
a� lternatively spliced 344 bp 3′u� ntranslated region was
h

�
igher in SLE T cells compared to non-SLE controls.

Preliminary studies show that the stability of the TCR
ζ chain with the alternatively spliced 3′u� ntranslated re-
g� ion is more unstable leading to its downregulation in
SLE T cells (TSOKOS et al., unpublished data). Since,
many of the principal antinuclear antibodies in SLE are
d

�
irected against spliceosome components, it is not clear

w� hether these autoantibodies play any role in the de-
fective mRNA synthesis, splicing and processing in
SLE T cells.

Abnormalities of Elf-1 Expression

A
9

nalysis of the TCR ζ chain transcription factor
Elf-1 indicates that the p98 form of the protein was
d

�
ecreased in the majority of the lupus patients, whereas

T
<

able 2. Molecular defects of the T cell signaling pathways in SLE

Molecular defect Functional effect Reference

CD45 tyrosyl phosphatase
TCR ζ

4
 chain

Fcε8 R
%

Iγ$

Lck tyrosyl kinase
Inositor triphospate
Calcium
PKA-I and PKA-II isozymes
Protein kinase C
NF-κ= B, p65 Rel A subunit
Elf-1
p-CREM

Ras-MAP kinase
CD40L

deficient
deficient, increased lipid raft association
increased
deficient
increased
increased and more sustained
deficiencies
deficiency
deficiency
deficiency
upregulation and increased nuclear binding 
to –180 site of IL-2 promoter
deficiency
increased

5
>
0

3
?
, 30, 51

9
@

3
?
3

5
>
9

5
>
9

2
A
1, 34

4
B
9

6
C
4

(
D
JU

E
ANG e0 t al., unpublished data)

4
B
8

8
F

2
A
5
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p� 80 form was increased. Elf-1 is a member of the
E twenty-six specific (Ets) transcription factor family.
Elf-1 has a calculated molecular weight of 68 kDa
w� hile we found that it existed in T cells as both 80 and
9

G
8 kDa forms. We determined that the 80 kDa Elf-1

w� as mainly located in the cytoplasm while the 98 kDa
E

H
lf-1 was the major nuclear form. Consistently, immu-

noprecipitation disclosed that retinoblastoma protein
(Rb), which retained Elf-1 in the cytoplasm, displayed
h

�
igher affinity for the 80 than the 98 kDa form, indi-

c
 ating that the conversion from 80 to 98 kDa form
a� llows the Elf-1 to evade the tethering of Rb and facili-
t

�
ate its nuclear translocation. We found the molecular

b
;
asis for this conversion involving dual post-transla-

t
�
ional processes, i.e. glycosylation and phosphoryla-
t

�
ion. Specifically, N-acetylglucosaminidase, but not the

e
 ndoglycosidase H, digested efficiently the 98 kDa Elf-1,
w� hereas actin was not affected. The 98 kDa form was
f

�
urther resolved into three bands and all bands were

e
 ither enhanced or suppressed following treatment with
o	 kadaic acid or bacteriophage λ

I
 phosphatase, respec-

t
�
ively. In contrast, only a minor portion of the 80 kDa
Elf-1 was in the phopshorylated state subjected to the
similar regulation by okadaic acid and phasphatase as
t

�
he 98 kDa form, indicating that the 98 kDa Elf-1 is the

a� ctive form. Electrophoretic mobility shift assays and
u� ltraviolet crosslinking studies indicated that the phos-
p� horylated 98 kDa Elf-1 is the functional form that
b

;
inds to the TCR ζ chain promoter. Nuclear proteins

from approximately 40% of SLE T cells displayed de-
c
 reased production of the 98 but not the 80 kDa form,
w� hich correlates well with their defective TCR ζ chain
p� romoter binding. Another 20% of SLE T cell nuclear
p� roteins are defective in TCR ζ chain promoter binding
d

�
espite normal expression of both the 98 and 80 forms

o	 f Elf-1. The defective formation of functional 98 kDa
E

H
lf-1 thus underlies the defective TCR ζ chain express-

ion in SLE patients (JU
J

ANG et al., manuscript sub-
m� itted).

The TCR ζ chain exists in multiple forms and mem-
b

;
rane fractions with distinct function in the Ag-medi-

a� ted signaling process. Studies on the complete spec-
t

�
rum of expression of various molecular forms of the

TCR ζ chain has shown that the phosphorylated 21 and
2

 
3 kDa forms of the TCR ζ chain are significantly de-

c
 reased in SLE T cells compared to normal T cells. In
c
 ontrast, major ubiquitinated forms of the TCR ζ c
 hain
w� ere increased in SLE T cells, suggesting that TCR
ζ chain undergoes an enhanced ubiquitin-mediated de-
g� radation in SLE T cells. The level of TCR ζ chain was
a� lso significantly decreased in the detergent-insoluble
membranes in SLE T cells. Similarly, the expression of

T
K

CR η*  chain, an alternatively spliced form of the
ζ chain, was diminished in SLE T cells. Recently, we
identified upregulation of a novel 14 kDa form of the
ζ chain, a potential alternatively spliced or degraded
species of the TCR ζ chain in SLE T cells (NAMBIAR

e
 t al., Arthritis Rheum., in press, Jan. 2002).

Mechanisms of Supranormal TCR/CD3-Mediated
[Ca2+]

L
i Response in SLE

How does the TCR engagement induce hyperphos-
p� horylation of cytosolic proteins and supranormal
[Ca2+]

M
i

N  response in the milieu of deficient TCR ζ chain
h

�
as been a topic of intense research for the last couple

o	 f years. In addition to the possible gain-of-function
mutations of the TCR ζ chain, our investigation has
p� roposed two mechanisms, involving increased ex-
p� ression of Fcε( R

�
Iγ�  chain and increased membrane

lipid-raft association of the residual TCR ζ chain, that
c
 ould explain the supranormal TCR/CD-mediated
[Ca2+]

M
i response in SLE T cells. Also, the protein tyro-

sine phosphatase activity of CD45 on peripheral blood
lymphocytes is reduced in SLE5

�
0.

F
O

cε( R
P

Iγ�  Chain Replace
t

Q
he Defective TCR ζ Chain

The hypothesis that, other members of the ζ chain
f

�
amily may substitute for the deficient TCR ζ chain,

w� as first investigated by EN
R

YEDY et al.9
S
. Immunopre-

c
 ipitation/immunoblotting and confocal microscopy
d

�
emonstrate that a large proportion of SLE T cells ex-

p� ress very high levels of Fcε( RIγ�  that is functionally
a� ssociated with the TCR and takes part in antigen re-
c
 eptor mediated signal transduction. Expression of
Fcε( RIγ� , in lieu of the TCR ζ chain, has been reported
i

�
n mouse large granular lymphocytes43. T lymphocytes

from tumor-bearing mice expressed TCR that com-
p� letely lacked the TCR ζ c
 hain was replaced by Fcε( RIγ�

c
 hain1. Also, TCR ζ-deficient mice have been shown
t

�
o express Fcε( R

�
Iγ�  as part of the TCR-γδ�  complex2

T
4, 52,

6
)
3. Unlike the TCR ζ chain, which mediates signaling

t
�
hrough ZAP-70, Fcε( R

�
Iγ�  mediates signaling by associ-

a� ting with the 100-fold more potent phosphorylated
p� rotein kinase Syk2

T
, 6. Presently it is unknown, whether

Syk is upregulated in SLE T cells and Fcε( RIγ�  signal
t

�
ransduce by associating with Syk or other downstream

signaling molecules. High-level expressions of Syk and
a� lternative antigen receptor mediated signaling has
b

;
een described in T cells of patients with ZAP-70 defi-
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c
 iency3
-

9. Overexpression of Fcε( R
�

Iγ�  in normal T cells
a� lso show increased TCR/CD3-mediated [Ca2+]

M
i

N  re-
sponse suggesting that the single ITAMs in the Fcε( RIγ,�

c
 ompared to the three in TCR ζ chain, does not hinder
t

�
he level of [Ca2

T
+]

M
i

N  response (KU
J

MAR et al., unpublished
results). The high level expression of Fcε( RIγ�  chain
c
 ould replace the defective TCR ζ chain and contribute
t

�
o the aberrant antigen receptor-initiated signaling in

SLE T cells.

I
�
ncreased Membrane L ipid-Raft Association

oU f the Residual TCR ζ Chain

T
K

he TCR ζ chain associated with the detergent-in-
soluble fraction is distributed between cytoskeleton as
w� ell as lipid-rich membrane microdomains, composed
p� rimarily of sphingolipids and cholesterol, and an en-
riched subset of proteins that float laterally as “ rafts”
w� ithin the plasma membrane45. Lipid rafts are pre-
f

�
ormed functional modules that serve as platforms for

signal transduction and membrane trafficking. Recent
d

�
ata indicate that lipid rafts are crucial for effecting

T
K

CR signal transduction18, 35. TCR engagement leads
t

�
o translocation and concentration of tyrosine phospho-

r" ylated TCR ζ chain and downstream signal transduc-
t

�
ion molecules within lipid rafts26. Conversely, pertur-

b
;
ation of the structural integrity of lipid rafts inhibits

TCR-induced protein tyrosine phosphorylation and
C

�
a2

T
+ flux3

-
5, 65.

Dissociation of the lipid-rafts by cholesterol deple-
t

�
ion using methyl-β-cyclodextrin showed increased per-

c
 entage of the residual membrane bound TCR ζ chain
in the lipid-rafts in resting SLE T cell membranes
(NAMBIAR et al., Arthritis Rheum., in press, Jan. 2002).
F

,
luorescence microscopy indicated that the residual

TCR ζ chain is more clustered on the cell membranes
o	 f SLE T cells compared to normal. Faster kinetics of
TCR/CD3-mediated [Ca2

T
+]

M
i

N  response in SLE T cells
a� lso supports the clustering or cross-talk between sig-
naling pathways in SLE. Upon TCR/CD3 activation
ζ chain clusters became more prominent in SLE T cells
a� nd they superimpose with LAT, suggesting that they
a� re co-localized to lipid rafts. Increased lipid-raft asso-
c
 iation and surface clustering of the residual TCR
ζ chain may explain the supernormal TCR/CD3-medi-
a� ted [Ca2+]

M
i response in SLE T cells. Based on these

d
�
ata we have proposed a model (Fig. 3) t

�
hat suggests that

in SLE T cells, although there is a deficiency, the re-
sidual TCR ζ chain is more associated with membrane
lipid rafts resulting in more preformed TCR clustering.

Increased membrane TCR clustering as well as replace-
ment of the deficient TCR ζ c
 hain by Fcε( RIγ�  chain
c
 ould lead to supranormal [Ca2

T
+]

M
i response under TCR

ζ chain deficiency and decreased tolerance in SLE
T

K
 cells. In support of this view, recently, it has been

r" eported that mice with N-acetylglucosaminylt
�
ransferase

d
�
eficiency show decreased glycosylation of T cell

membrane proteins that prevent galectin binding and
t

�
hereby disrupting the galectin-glycoprotein lattice, in-

c
 reased clustering of TCR7
V
. Increased TCR clustering

i
�
n these autoimmune mice had a very similar phenotype
o	 f human SLE, with lowered T cell activation thre-
sholds and increased TCR signaling7

V
. Similarly, it has

a� lso been suggested that genetic remodeling of protein
g� lycosylation by mutation of α mannosidase II induces
a� utoimmune disease4. As the association between the
r" esidual ζ chain with the lipid rafts, TCR clustering and
T cell effector functions is further explored, it is likely
t

�
hat important new insights will emerge that will ex-

p� lain ζ chain abnormalities and autoreactivity of
T

K
 cells.

Fig. 3. Proposed hypothesis (A)
/
 and experimental model (B) for the

molecular mechanisms involved in TCR/CD3-mediated supranor-
mal [Ca2

W
+] i

N  response in SLE. A – owing to the rapid kinetics of
TCR/CD3-mediated signal transduction in SLE compared to normal
T cells, we hypothesized that, faster kinetics must require clustering
of signaling molecules or cross-talk between inter or intra-signaling
pathways. B – experimental evidence suggests that the deficient
TCR ζ

4
 chain is replaced by another family member Fcε8 RIγ$  chain

generating functionally diverse TCR. TCR substituted with
a Fcε8 RIγ$  chain may signal transduce more efficiently because the
downstream signaling molecule Syk is 100-fold more potent than
ZAP-70. In addition, increased membrane lipid raft association of
the residual TCR ζ

4
 chain and TCR ζ

4
 chain clustering suggests that

molecular defects in SLE T cells leads to preformed functional TCR
clusters. Because TCR/CD3-mediated signaling requires supra-
molecular assembly of TCR, preformed functional clusters promote
TCR/CD3-mediated [Ca2

W
+] i response in SLE T cells
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D
X

eficient Protein K inase A-I  Activity

Studies on adenyl cyclase/cAMP/protein kinase
A

9
 (AC/cAMP/PKA) system, a key metabolic pathway

integral to cellular homeostasis, identified impaired
c
 AMP-dependent protein phosphorylation in SLE
T

K
 cells3

-
2. Abnormal cAMP-dependent signaling path-

w� ay is associated with deficient CD8 suppressor T cell
function and altered cytoskeletal regulation of CD3,
C

�
D4, and CD8 receptor mobility with in the plane of

t
�
he plasma membrane2

T
0, 22. Recently, it has been dem-

o	 nstrated that abnormal cAMP-dependent signaling
p� athway reflects a profound reduction in PKA-I
isozyme21. Deficient PKA-I activity is the consequence
o	 f reduced type I regulatory subunit. Deficient T cell
P

Y
KA-I activity reflects reduction of both holoenzymes

RIβ2
T C

�
2

T >Z RIα2
T C

�
2

T 2
T

9. Deficient PKA-I activity possibly
c
 ontributes to altered T cell effector function by alter-
i

�
ng the protein phosphorylation that regulates cellular

p� athways that promote cell growth and differentiation.
Similar to TCR ζ chain increased mutation/polymorph-
i

�
sm of PKA-I regulatory subunit α has been reported

in a SLE patient2
T

8. The kinase activity of PKC4
[
9 and

Lck is also impaired in SLE T cells3
-

3. The activity of
o	 ther kinases such as protein kinase PKR that is in-
v' olved in the phosphorylation of translation initiation
f

�
actors is increased in SLE T cells14.

Interrelationship between the Ca2
T

+ and AC/cAMP/
/

\
PKA pathway raise the possibility that defective PKA

a� ctivity in part contribute to the impaired Ca2+ homeos-
t

�
asis. TCR/CD3-mediated increase in IP3 and [Ca2

T
+]

M
i is

d
�
ownregulated by inactivation of PLCγ� 1 through PKA

d
�
ependent phosphorylation40. Deficient PKA-catalyzed

p� hosphorylation may retain the activity of PLCγ� 1 and
c
 ontribute to the supranormal and sustained [Ca2

T
+]

M
i

N  re-
sponse in SLE T cells.

D
X

ecreased Ras-MAP Kinase Signaling 
a] nd DNA Hypomethylation

Environment factors including drugs and ultraviolet
l

^
ight induce SLE-like disorder. Because these agents

induce hypomethylation of DNA and modify the ex-
p� ression of the affected genes a relationship between
DNA hypomethylation and SLE has been sought. Up-
regulation of lymphocyte function-associated antigen
1 (LFA-1/CD11a) generates autoreactive state by exag-
g� erated help for the production of autoantibodies. The
a� ctivity of the DNA methylation enzyme DNA (cyto-
sine-5)-methyltransferase (Dnmt) appears to be regu-
lated in part by the Ras-MAP kinase pathway and it has

b
;
een suggested that the reduced Dnmt-I activity in SLE

T cells is a function of deficient Ras-MAP kinase signaling8.
SLE T cells show about 50% reduction in Dnmt-I activity
a� nd mRNA content and activation by PMA resulted in re-
d

�
uced Ras-MAP kinase catalyzed protein phosphorylation.

C
�

urrently, the mechanisms responsible for impaired Ras-MAP
k

_
inase activity in SLE T cell remain to be elucidated. The

functional impact of impaired signaling kinases would be
u� nderphosphorylation of transcription factors that regulates
t

�
heir conformation and DNA binding ability resulting in the
modulation of gene expression.

Abnormalities in Transcr iption 
F

O
actor  Expression

Early signaling abnormalities are followed by al-
t

�
ered activation of transcription factors and abnormal

g� ene transcription. It is notable that while certain genes
a� re transcribed at low rates (the TCR ζ chain and IL-2
g� enes), others are transcribed at increased rates (the
g� enes for the γ�  chain of the Fc receptor for IgE and the
C

�
D40L)5

�
6. In addition to the TCR ζ chain transcription

factor Elf-1 described above, defects have been identi-
f

�
ied both in the expression/activation of other transcrip-

t
�
ion enhancers and repressors including NF-κB p65-

-Rel A subunit and p-CREM.

Deficient p65-Rel a Subunit of NF-κB 
i

`
n SLE T Cells

T
K

he transcription factor, NF-κB
a

 plays a profound
role in immune and proinflammatory responses and IL-2
p� roduction12. The possibility that reduced IL-2 produc-
t

�
ion by SLE T cells may be a product of altered NF-κB

a� ctivity has been analyzed by electrophoretic mobility
shift assays6

)
4. NF-κB activity in the nuclear extracts is

significantly decreased in SLE T cells. In the group of
SLE patients with decreased NF-κB activity, the tran-
scriptionally active, heterodimeric p65/p50 complex
w� as not formed in the cytosol. The deficiency of NF-κB
h

�
etrodimeric complex could be responsible for the down-

regulation of IL-2 and may have extensive pathophysio-
l

^
ogical significance in the expression of the disease.

Increased p-CREM Binding to the –180 Site 
oU f the IL-2 Promoter

SLE T cells stimulated in vitro in response to anti-
g� ens or mitogens proliferate significantly less than
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T
K

 cells from normal donors4
[

8. Activated SLE T cells
a� lso secrete low IL-2 in vitro that may reflect increased
T cell anergy. Another mechanism for the low IL-2
p� roduction by SLE T cells is inhibition of IL-2 en-
hancer/promoter transcriptional activation. Cyclic AMP
response element modulator (CREM) and inducible
c
 amp early repressor (ICER) are two transcriptional
repressors that bind to camp response elements (CREs)
a� nd downregulate genes containing this binding site.
R

�
ecently it has been demonstrated that phosphorylated

C
�

REM (p-CREM) binds to the –180 region of the IL-2
e
 nhance/promoter and contributes to T cell anergy41.
T

K
his raised the question that p-CREM upregulation

may contribute the downregulation of IL-2 secretion
a� nd contribute T cell anergy. Nuclear extracts from
r" esting SLE T cells showed significantly increased
b

;
inding of p-CREM/p-CREB to the –180 site of the

IL-2 enhancer/promoter46. Some patients revealed both
p� -CREM and p-CREB, although p-CREM was the
main factor. We have found that activated normal
T

K
 cells increase p-CREB binding by 10-fold in contrast

t
�
o negligible p-CREM binding to the –180 site. By con-

t
�
rast, activated SLE T cells bound both p-CREM and
p� -CREB in a 2:1 ratio. Thus, preferential phosphoryla-
t

�
ion and predominant occupancy of the –180 site of the

IL-2 enhancer/promoter by p-CREM during activation
m� ay hamper optimum transcriptional activation by p-CREB
b

;
inding resulting in very low IL-2 production in SLE

T cells. In contrast to the heteromeric complex forma-
t

�
ion between p-CREB to two nuclear co-activators,

C
�

REB-binding protein (CBP) and p300, that initiate
t

�
ranscription in normal T cells, SLE T cells mainly
f

�
orm p-CREM/CBP/p300 complexes that may suppress

t
�
he IL-2 synthesis. Current studies using real-time PCR

a� imed at establish the prevalence, show that majority
o	 f the SLE patients with low IL-2 level reveal increased
C

�
REM mRNA (TE

b
NBROCK et al., unpublished results).

Abnormal Nuclear  Translocation 
oU f RI Iβ Subunit

The RIIβ subunit of PKA-II is not classified curren-
t

�
ly as a nuclear factor, although it translocation to nu-
c
 leus and binding to CREB supports the role of a tran-
scription factor. Upon activation of the PKA-II
holoenzyme, RIIα/

\
β2C

�
2 by reversible cAMP binding to

t
�
he RII subunits release RIIβ t

�
hat reversibly translo-

c
 ates to nucleus. Although it has been suggested that
n� uclear RIIβ b

;
inds CREB, at present its function in the

nucleus still remains uncertain. RIIβ subunit can be

c
 onstitutively in the nucleus suggesting an ongoing ac-
t

�
ivation of RIIβ2

T C
�

2
T

 d
�
uring homeostasis. The mechan-

ism of deficient PKA-II activity in SLE T cells d
�
iffers

f
�
rom PKA-I, and involve increased nuclear translocation

o	 f the RIIβ t� o the nuclear fraction, diminishing the capac-
ity to form RIIβ2C

�
2 holoenzyme3

-
4.

A
�

bnormal CD40L Expression

Some of the molecular abnormalities identified in
SLE can readily be linked to known defects. For in-
stance, heightened calcium responses can explain the
i

�
ncreased expression of CD40L and other molecules

w� hose expression depends on calcium-controlled tran-
scription factors. Because both T and B cell express
C

�
D40 it is plausible that increased expression of CD40L

o	 n the surface of T cells is responsible for the increased
interaction between T cells and B cells5

�
, 25, 56, 57.

Restoration of Signaling Abnormalities 
b

c
y Gene Therapy

E
H

xtensive efforts over the past decade identified
several inter-related components of the signaling path-
w� ay is intrinsically impaired. It is likely that additional
molecular abnormalities will be discovered in the near
f

�
uture. Restoring the function of these molecules may

c
 orrect the signaling abnormalities and open new
a� venues for the treatment of SLE. We have developed
a� n efficient method using green fluorescence protein
u� nder the control of cytomegalovirus promoter to tran-
siently transfect the T cells. The method essentially
u� tilizes overnight resting of peripheral blood mononu-
c
 lear cells under low concentration of phytoheamgglu-
t

�
inin (PHA) and IL-2 that is sufficient to promote cell

p� roliferation and then isolation of T cells by negative
d

�
epletion using magnetic beads and electroporation of

t
�
he gene of interest. Electroporated cells were main-

t
�
ained in low concentration of PHA/IL-2 and analyzed

a� t different time points. By using this approach we
d

�
emonstrated that SLE T cells transfected with TCR

ζ c
 hain significantly increased the level of IL-2 secre-
t

�
ion compared to mock transfected cells. Immunoblot-

t
�
ing data indicated that these transiently transfected cells

p� artially restored the deficient expression the NF-κB
a

p� 65 subunit (NAMBIAR et al., unpublished data). This
d

�
ata was further supported by the fact that, direct ex-

p� ression of NF-κB p65 subunit by transient transfection
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significantly restored the IL-2 reporter gene activity in
SLE T cells (HERNDON et al., submitted for publica-
t

�
ion). Similarly, transient transfection of full-length

c
 DNA RIβ cDNA construct under the control of a cy-
t

�
omegalovirus promoter to SLE T cells also demon-
strated a significant increase in the cAMP-activatable
P

Y
KA specific activity. Upon stimulation, these tran-

siently transfected SLE T cells augmented the produc-
t

�
ion of IL-223. These findings suggest that it is possible

t
�
o transiently transfect and restore the function of de-

fective genes and repair the signaling abnormalities.
These observations also suggest that restoring the func-
t

�
ion of single gene promotes the expression of other

d
�
efective genes to a certain extent by cross-talk or un-

k
_
nown mechanisms that help to bypass the overall sig-

n� aling defect and enhance IL-2 secretion in SLE
T cells. Complete restoration of the IL-2 production
c
 ould be achieved by supplementing all the defective
g� enes suggesting that the wave of the future is combi-
nation gene therapy or a central gene that can restore
m� ultiple signaling abnormalities.

S
d

ummary and Future Perspectives

SLE is a challenging disease with varied manifesta-
t

�
ions resulting from widespread immune complex de-

p� osition. Our understanding of the role of genetics and
e
 nvironmental agents in the pathogenesis of SLE has
improved over the past ten years. In addition, the past
t

�
en years have seen tremendous improvements in ident-

ifying molecular defects in immune cells to unravel the
m� echanism of autoimmunity. Emphasis has been
p� laced on identifying the genetic basis of these mole-
c
 ular defects and the restoration of their functions. Ab-
normalities of transcription factors contribute to im-
m� une response by linking signaling pathways and gene
e
 xpression. Identification of several signaling defects
suggests the successive components of the signaling
c
 ascade may be intrinsically defective in SLE T cells.
Important concern regarding the cellular and molecular
p� athogenesis is to seek all the molecular defects at the
c
 ellular level and establish the genetic basis for this
c
 omplex autoimmune disease in a timely fashion. Des-
p� ite the multitude of abnormalities in SLE, reconstitu-
t

�
ion of the molecular defects promise pharmacological

intervention that may serve to blunt the diverse clinical
manifestations of the disease and improve quality of
l

^
ife and survival.
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