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l. Introduction

There are many links between the complement system and the autoim-
mune disease systemic lupus erythematosus (SLE). Soon after the identifi-
cation of antinuclear antibodies, the major serological hallmark of the
disease, it was discovered that complement proteins are deposited in the
tissues of patients. An association was found between the degree of comple-
ment activation in blood samples from patients and the level of disease
activity. Complement proteins were discovered to be co-located with anti-
bodies in inflamed tissues, such as the glomeruli of patients with glomerulo-
nephritis. These data suggested that the formation or deposition of immune
complexes in tissues leading to complement and leukocyte activation could
cause the pathogenesis of the tissue injury of SLE.

However, it was also discovered that the presence of antibodies and
complement in tissues was not sufficient to cause inflammatory injury.
Clinically normal tissues from patients with SLE (e.g., the skin) also con-
tained deposited antibodies and complement proteins. Indeed, the pres-
ence of these proteins at the dermoepidermal junction in nonlesional skin
was found to be a moderately specific diagnostic test for SLE, named the
lupus band test.

As the spectrum of autoantibodies characterized in SLE increased, it
was discovered that about one third of patients with the disease have
autoantibodies to complement proteins, especially to C1q. A reduction was
also discovered in the expression of a complement receptor on erythrocytes,
CR1, which plays a role in binding immune complexes in the circulation.

Each of these links between complement and SLE, which we discuss
in detail below, may be explained on the basis that the autoantibodies of
SLE, on binding autoantigen, activate complement. Downstream events
following complement activation could explain the development of autoan-
tibodies to complement and to erythrocyte CR1 consumption.

However, the links between complement and SLE are much more
complicated and curious. It was found that inherited complement defi-
ciency is strongly associated with the development of SLE. Indeed, the
very rare inherited homozygous deficiency of the first protein of the classical
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pathway of complement, Clq, is almost invariably associated with the
development of severe disease. Thus, on the one hand, complement defi-
ciency causes SLE. On the other, SLE causes complement consumption
and tissue injury. Even more surprisingly, Clq deficiency causes SLE, yet
SLE commonly causes autoantibodies to Clq to develop.

In this chapter, we attempt to resolve these paradoxes and, in doing so,
discuss each of the associations between abnormalities of complement
and SLE. First, we describe and tabulate the links between complement
deficiency and SLE. Second, we describe some of the phenotypic abnor-
malities in mice with engineered mutations in complement genes. Third,
we review the links between complement activation and inflammation in
SLE. Fourth, we describe the autoantibody response to complement pro-
teins and the significance of these autoantibodies. Finally, we develop the
hypothesis that a major physiological activity of the complement system
is to promote the clearance of autoantigens and mask them from the
immune system. If this activity is deficient, in the presence of other disease
susceptibility genes, autoantigens may drive a pathological autoantibody
response leading to the development of SLE.

Il. Description of the Associations between Complement and SLE in Humans

A. GENETIC DEFICIENCIES OF COMPLEMENT AND SLE
1. Homozygous Classical Pathway Deficiency

Homozygous hereditary deficiency of each of the classical pathway com-
ponents (Clq, Clr, Cls, C4, and C2) is associated with greatly increased
susceptibility to SLE. There is a hierarchy of severity and susceptibility to
the development of disease according to the position of the deficient
complement protein in the activation sequence of the classical pathway of
complement. The primary publications reporting these associations are
cited in Tables I-V, which tabulate the reported cases of deficiencies of
the classical pathway proteins and C3.

Thus, 39 of the 42 (93%) described individuals with homozygous Clq
deficiency had SLE, which was frequently very severe. Next in the hierarchy
comes Clr and Cls deficiency (usually combined) [SLE prevalence: 8 of
14 subjects (57%)], then C4 deficiency [SLE prevalence: 18 of 24 subjects
(75%)]. There is then a significant step change in the strength of the
association of SLE with deficiency of the next protein in the classical
pathway, C2. Deficiency of C2 is the most common hereditary complement
deficiency in western European white populations and is associated with
the development of SLE in ~10% of cases. Finally, there is C3 deficiency,
which, although strongly associated with the development of rashes and
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glomerulonephritis, is typically not associated with the development of
lupus autoantibodies.

These clinical observations strongly suggest that there is a physiological
function of the classical pathway of complement activation that protects
against the development of SLE. Furthermore, the hierarchy of susceptibil-
ity and severity of lupus, according to the missing classical pathway protein
(Clq > C4 > C2), suggests that an activity of the early part of the classical
pathway plays a key protective role against the disease. We now review
the associations between inherited homozygous complement deficiency
and SLE in detail. We consider each protein in turn and tabulate the
published associations of hereditary complement deficiency and SLE, with
the exception of C2 deficiency, for which the abundance of published cases
would make a table summarizing all the case histories too cumbersome.

2. Clq Deficiency

Thirty-nine of the 42 recorded patients with homozygous C1q deficiency
have developed a clinical syndrome similar to SLE (reviewed in Walport
et al., 1998). These cases are summarized in Table I. In the affected
patients, rash occurred in 37, glomerulonephritis in 16, and cerebral disease
in 8. Antinuclear antibodies were reported in 24 of the 35 patients tested,
and antibodies to extractable nuclear antigens were present in 15 of 24
patients assessed. Notably, the incidence of anti—double-stranded DNA
antibodies was low; only 5 of the 25 patients tested were positive. No
clinical phenotype has been observed among any of the heterozygous Clg-
deficient relatives of the homozygous deficient subjects.

Among Clq-deficient individuals, further analysis of their complement
profile typically showed raised levels of C3 and C4 and elevated C1 inhibitor
activity compared with serum samples from normal subjects. This demon-
strates that in normal subjects there is significant physiological turnover
of the classical pathway resulting from C1 activation. In the absence of
C1 function, C4 and C3 levels, together with C1 inhibitor, the inhibitor
of activated Clr and Cls, are elevated in concentration due to reduced
turnover.

The molecular basis of Clq deficiency has been characterized in 12
families and is tabulated in Table I. Three genes, organized in tandem,
encode Clg. In each family studied, a single mutation affecting one of
these three genes has been found and mutations in all three genes have
been characterized in different families. In every case, no functional Clq
activity was detected. However, in some families, no Clq protein was
detected, while in others, antigenic C1q which showed no functional activity
could be detected.
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238 PICKERING et al.

3. CIs and Clr Deficiency

Hereditary deficiency of Cls and Clr is rarer than that of Clq deficiency
and, of the 14 reported cases, 8 have developed a lupus-like illness and
only 2 are healthy (Table II). One young Japanese boy suffered a virus-
associated hemophagocytic syndrome and later developed a fatal unex-
plained febrile illness (Endo et al., 1999). A further patient has suffered
from severe recurrent pyogenic infections, another had chronic glomerulo-
nephritis, and screening of a series of patients with disseminated gonococcal
infection revealed a further case of Clr deficiency (Ellison et al., 1987).
In the majority of cases, deficiencies of both components coincided (Loos
and Heinz, 1986), probably explained by the close proximity of the Clr
and Cls genes on the short arm of chromosome 12 (Kusumoto et al.,
1988). In these cases, Clr levels were usually absent and Cls levels were
~50% of normal. Among these individuals, further analysis of their comple-
ment profile typically showed raised levels of C3 and C4 and elevated C1
esterase inhibitor activity, as seen in association with Clq deficiency.

Selective deficiency of C1s has been reported (Endo et al., 1999; Suzuki
et al., 1992), and molecular analysis of one case has shown that homozygous
Cls deficiency was the result of compound heterozygosity at the Cls loci.
This individual possessed a 4—base pair deletion in exon 10 of the paternal
Cls gene that resulted in a premature stop codon 90 base pairs downstream
of the deletion. On the maternal gene, a single nucleotide substitution
(guanine for thymine) in codon 608 of exon 12 was detected which results
in the generation of a stop codon. Although both mutations would be
predicted to result in truncated Cls proteins, no detectable Cls protein
was found on Western blot analysis of the patient’s serum (Endo et al.,
1999). Homozygosity for the 4-base pair deletion in exon 10 was demon-
strated in the other reported case of selected Cls deficiency (Table II)
(Inoue et al., 1998).

4. C4 Deficiency

C4 is present in normal serum of humans as two isotypes, C4A and
C4B, encoded by tandemly duplicated genes within the class III region
of the major histocompatibility complex (MHC). Total C4 deficiency there-
fore requires the presence of mutations in both the C4A and C4B genes.
Mutants (or null alleles) of the two isotypes of C4, associated with no
expressed protein, are designated C4AQ*0 and C4BQ*0 (where Q*0 desig-
nates “quantity zero”). The individual frequency of C4AQ*0 and C4BQ*0
alleles among healthy populations of many different ethnic origins is high
(see Section II,B,1). However, HLA haplotypes carrying null alleles at
both the C4A and C4B loci are extremely rare. Individuals homozygous
for C4AQ*0, C4BQ*0 haplotypes are totally deficient in C4.
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The first report of complete C4 deficiency was published in 1974 (Haupt-
mann et al., 1974). Twenty-four cases have now been reported, among
whom 18 suffered from lupus-like illness, often developing at an early age
and associated with increased frequency of pyogenic infections (Table IIT).
Only 2 of the 24 recorded cases of C4 deficiency were entirely healthy at
the time of reporting (Table III). Antinuclear antibodies (ANAs) were
positive in 15 of the 20 cases tested, although often present at low titer,
while anti—double-stranded DNA antibodies were found in only 2 of the
11 tested. Anti-Ro antibodies were typically positive (7 of 10 tested), while
anti-La antibodies, which frequently accompany anti-Ro antibodies, were
not detected in any of these patients.

Molecular analysis has shown that 6 cases have a homozygous deletion
containing the C4B and adjacent 21-hydroxylase A (CYP21A) genes, al-
though the mechanism of C4A nonexpression was not elucidated (Fredrik-
son et al., 1998; Fremeaux-Bacchi et al., 1994; Lhotta et al., 1996; Nordin
Fredrikson et al., 1991; Uring-Lambert et al., 1989). Other work has shown
that mutations resulting in C4A nonexpression may be due to either a
2-base pair insertion in exon 29 or a single base pair deletion in exon 20
of the C4A gene (Table III) (Fredrikson et al., 1998; Lokki et al., 1999).
An identical 2—base pair insertion on exon 29 of the C4B gene also results in
nonexpression, providing the first molecular evidence of a C4B pseudogene
(Lokki et al., 1999). A unique patient had C4 deficiency caused by uniparen-
tal isodisomy of an MHC haplotype containing null alleles of C4A and
C4B (Welch et al., 1990).

5. C2 Deficiency

Homozygous C2 deficiency is the most common inherited classical path-
way complement deficiency, with an approximate prevalence in western
European white populations of 1:20,000. In contrast to homozygous Clq
deficiency, the majority of deficient individuals are probably healthy. SLE
has been thought to occur in up to 33% of C2-deficient individuals (Agnello,
1978), although this figure is highly likely to be an overestimate due to
ascertainment artifact. This is evident from the following argument.

Using data from population studies, the frequency of the C2Q*0 allele
in healthy western European white populations is ~6 X 107 (Table IV)
and therefore the predicted homozygote frequency is 4.8 X 1075, or 1 in
20,000. The population of the United Kingdom (UK) is presently estimated
at 59 million. Using this figure, the number of homozygous C2-deficient
individuals in the UK may be estimated to be ~2950. SLE in C2-deficient
individuals is strongly biased toward female patients, in contrast to Clq
and C4 deficiency (see Table VI). Therefore, approximately half of the
homozygous C2-deficient subjects in the population form the major at risk



(8L61)
v 30 1outaddef,

(0661) 12 42 TROY'T

(8L61) v
12 1outadde], ‘(€661

‘0661) 1P 42 BROY'T

(LL6T)
30 WEYPS “(LLET)
1P 12 SY20 “(S861)
‘v 12 1K “(6L6T)
12 vosypr[ (SL61)

JJouEqapy pur yrep)

(BIS61) 1V 42 YopMy

(6861)
‘v 12 M_quUIETT-3ULI)
“(g861) I #2 1ok

‘(FL6T) v 12 uueundnery

L9d
‘ST ‘0SV-V'TH 10} snosizowo

L4d
‘ST ‘06V-V'TH 10j snos&zowoy
A ‘GTd BV-VIH/anA
Z19 “GV-V'TH 10j sno3Azo1a)o |
7O
payund jo uonippe Aq pasioaar
Toye] tsuonipuod ewndogns
ur Aprenonred peonpar winies
Juanyep-F) Jo voussard oty ur
Ayanoe [epoLILOR| pue s1s0}£003erJ
s[[eo oroudBoe pue suogoyur
03 esuodsax ayfooydwis] peonpay
oIMS Sse[D HS[—JNS]
ou pue §21X¢ 98eydorajoeq
(A UOHPZIUNWIUT SUIMO[[O]
asuodsar Apoqriue paonpay
snudou [oxuoo 0} suopostupard
pue Adeor pronqurero[yo parmboy

$oUa3 Y aSe[AX0IPAY-Tg
pue g0 Jo uono[ep SNoSAZOWO
€MD) ‘0Fd GV-VIH 10§ SnogLzowory

Koupry pajuedsuen ur sSurpuy

[eonuept ‘gD pue ‘NI

‘03[ ‘y3] 10§ aanisod :Asdorq
[PuaI 9oULdSIONPOUNUIWL]

€D pue V[

‘ST 93] 1oy aanisod :Asdoiq

[PUSI 90UDSAIONJOUN UL

taaneBou :Asdorq

UD{S 90UOSITON[JOUTNIILIT

ssxejowrayo [rydonnou

poonpar pue eruadoyduwA]

Juapsiszod ¢_erj-pue ¢, oy-nue
‘postex Suipuiq YN “0F/1 ~VNV

aapegou

159) pueq sndn| ‘eanesau 1503

AT ‘PAIveIdp surnqo[3oLo
_wl-nue _oy-nue _yNd VNV

onewoydwAsy

Koupny pojuedsuen
Ul IS JO 90UOLMOAT
juepdsuen euor 1oyye
14 7 ‘omrey [euar [ oy
1£ g oworpuss onoxydou pue
uorsualadAT pro1aysoonioo
pue urporuad 0y

aatsuodsox ;1 o8e Je JSI 010408

SISOI9[OS [BISURSILI
:Asdorq [euar toworpuss
onoxydeu padofasap

‘19AQJ ‘SOLIYME JudIsuey) ‘ysey

uoneyses ow
% e eumnurojord ‘eumyeway
“Aanisuasojoyd ‘ewadoe ‘ysey

S

244

wmoﬁwhw,*@m

S910N

s1s9, A10yeIoqe]

Sa.mjes —do::ﬁU

9asuQ) e (1£) 98y

Aqrure, g

ADNHAIDIAA( D) SNODAZONOH

IIT H'IdV.L



(sanuguoo)

(3861)

‘v 12 1outadde,

(g861) v 42 AN
(€661) 17 42 TROYT

(1661) »
12 UOSYLPL] UIPION
(3S6T) v 12 uruyply
“(S66T) IV 12 UOSLIPAIL]

(a861)
‘v 12 outadde,

“(g661) 1P 2 eROY

(3861)
v 92 rouraddey,

‘(g661) IV 22 eROY

(3861)

v 92 rouraddey,

(g861) v 12 1ok
‘(€661) ‘17 42 ®NROY'T

(1861) IV #2 zymoin
(TS6T) 1» 42 wyuIN

(886T) IV #2 WAISP[OD
(6L6T) 1V 12 mo[eg

24a
‘ST4 “0£V-V'TH 10§ snodizowoy
ouudonyyeze pue suojostupord
i pasoxdur snudan
suopoo doys amyewaxd
9rIouaB suoneInu [oq— (LY (I
‘814 ‘0£V-V'IH) ouold
[PUIOYRUL UT (g UOXO UT UOTI[op
opnoapnu J3uls pue (QY( ‘¢MD
‘OFd “GV-VTH) 2ued [ewrjed ur
6g uoxe ur uontesur 1med oseq—g
© 0} onp uoissoxdxouou v
‘SOUSS ) JO UONI[PP SNOFAZOWOT]
€A ‘S1d ‘0eV-VIH/QUA ‘¢MD
‘0Fd “GV-V'TH 10j Sn03Azo1a)o |

CTHa
‘9ed FEV-VTH 10] SnogAzowor]

eTHa
‘8ed FEV-VTH 10] snogAzowory
suojostupaxd pm peajosar spuiydon

eraa

‘9ed ‘FEY-VTH 10} Sno8Azowo
sumboro[yo pue

SP10193$001100 ()i pasoxduut ysey
THA €MD

‘OFd ‘GV-V'TH 10j snosizowo
LT

pue §T $a3e Je [T JO PaIp SIOISIS §

uono[ep audd g Jo 9OULPIAD ON
cdd

‘6PM ‘9gV-V'TH 10§ SN03AZowop

€0 pue V3|

ST 93] 10y aantsod :Asdoiq

[BUOI 9OURISOIONFOUNIIL
_eT-RUE L O-BUT 03E/T L VNV

_SI98poYy-nue *_opry)
-hue LAY _YNA S6/1> LVNV

0¥/1 VNV
€D pue
‘ST ‘3] J0y eantsod :Asdoiq
[PUSI 9DULDSAIONOUNIULIL
OV9/T LVNV

€0 pur ‘W1
“y31 “H3[ 10y eanisod :Asdorq
[PuBI 2duLdsAIONOUN

¢

e-pue L og-nue _yNd ‘-VNV
_s1a8poy

-pue ‘_opryD-nue .v>:_u.wu: 159}
pueq sndnf ,yNQ . TT VNV

+YNV

snuydauonistold
aanesdjijoxdoiduesatu
‘uorsuorradAy

‘LMY “ermurejoxd ‘useyq

snuydouoniawold
ssuesjod
‘synoxed yuspnnd pue erpaw
SO JuaLmdal ‘ysel [eordAy
Adoosoromu
uo £30[0}ST PRI [eULIOU
Asdoroau g o8 Je sInoseA
[pIqoI00 pue erwedndos
JO POIP SI0A9} ‘YSEI 9I9A9S

ysex ppiut ‘uorsuedxa

[eiBuesow pprw :£sdorq euax
f9In[Ie} [eUal OLNBI0 ANOY

uorsuedxo

[eiSuesow [pjuowFes pue [e0§

prru :Asdorq [euar g ode je

90URIEI SUIULEAIO POONPAT
‘suoso] upys orqdone Surireog

eruadoyfooquioryy “eumnurajord
‘saguerp [reu orgdonsAp
éw—wﬁtm ‘Yser 9ARISuUISOjoOyJ

astefew ‘eruadoynay
‘uoneradn [exo ‘sndnj proosicy

éd9

L

d ‘N ST

¢de

vg

99

°9

245



(£861)
4NE 12 @QCE@Jntﬂommz

(6861) 1V 42 32qUIET

-Buun (g861)

I 12 108N (£861)
1P 32 SUOWOT-1IBISBIN

(£661) v 12 eROYT

(e861)
v 12 1ouraddeg,

‘(€661) 17 42 ®NOYT

(eg osed os[e 298) TH ‘FMD
‘cemg ‘TTV-V'TH 10 SN03KZowop]
[BULIOU UOHRUIORA
snuejoy 0} asuodsar Apoqnue H3T
$oUaS Y aSBIAXOIPAY-TE
pue g0 Jo uono[ep SNOSAZOWO
THA T80
‘cemq ‘TTV-V'TH 10j Sn03£zowop
FO
payund jo uonippe Aq pasioaar
Toype] tsuonipuod [ewndogns
jou nq [ewndo Ut [RULIOU WNIAS
Juayep-F) Jo eouasaxd ot ur
Ayanoe [epLILOR| puk s1s034003etJ
J[PULIOU A)IATOR [RpIOLIOjoR| pue
sisoydooBeyd [rydonnou Juenyep-0)
,[EULIO S[[90 OTouABO[E
pue ‘urunnjgsdeweyosyd
‘Y UuI[eABUROUOD
0} sosuodsox a1kooqduw] oupa uy
[euwIou
UOLPUIOPA A PUE “B[[oqnI
snue)a) 0} asuodsar Apoquue HI|
2
‘ST€ “0£V-V'TH 10§ snodAzowoy
surrdornpeze pue suojostupaxd
i pasoxdur snugdan
Jhitel
‘ST€ “0£V-V'TH 10§ snodizowoy
snudou [oruod
oy autrdoryeze pue suofosrupaxd
03 uonppe ur Adesor
oprureydsordopo£o aspnd poxmbaoy

¢

(BLT-8) %T S5 sorkooydud]
qd .Tmmmw.—,uﬂw nwhwﬁgﬁﬂﬂ
jasqns ayooydud] feutiou

TP/ (£6£-38) 078 INSI pasmey

aanesou :Asdorq
UD[S 9OUSDSAIONOUTLILIT
Sosqns

6]

uddns

1, paseaIour pue jasqus
“de1y, peonpat p/Bw (gg-5s)
0T€ ST poster ¢_s1o3poy
-[ue *_oprD-Hue *_INY

-[jue ‘_wg-nue ‘_e-nue oy
-nue ‘eAnesau sunqoj3oAIo

‘966/T .dY VN ‘_VNV

€0 pue
931 105 aantsod :Asdoiq [euar

9duLdsaIOngounWt Of/T , VNV

€0 pue V3
‘INST 93T Jo] aantsod :Asdoiq
[BUSI BOUBISAION[OUN UL

08E/T +VNV

BG 9sEO

UT 9501} 0} IL[IUIIS SUOIS]

upys ‘ouwr QT a8k e Asumayd

1w eruowmaud ‘suopoojur
orn Aroyexdsor yuormooyy

ysex aantsuasojoyd
‘SUONOJUT JovI}
Aroyeaidsor 010408 JuoLmMOdYy

snuydouonrawols
aanerdjioxdorduesow
‘owopuss onoxqdoan

snudouomrouold

aanetajiordorduesaw

n:o_m:mtumx; ‘BLIMRWOY
‘eumnurojord ‘yser 1oury

SNooUMsuLsuoo
‘syuored
UBIDOION ‘o L q6
Snooum3uesuoo
‘syuared
UBIOOION ‘A G 6
L e o8
d NG q8

wwoﬂwhm,«@m

S910N

s1s9, A10yeIoqe|

sa.mjes —.mU:=—Mv

dnoxsy oruyy Aqrue g
/o0rYy ‘Iopues)

9osuQ ye (1£) o3y

(panuyuo)) 111 A'T1dV.L

246



(sanuguoo)

(¥661)
.Nﬁ 12 _:Uoﬁmuxﬁz\m:’—@hh

(0661) 12 #2 Y2[PAN

(6861)

‘v 12 }quIBT-BULI)

“(86T) 2 12 1Ko
(9861) v 42 sewn(q

(S861) v 12 ooy
(S86T) 7V 12 UIRISP[OD)

(PS6T) v 12 oy

souas v oseAX0IPAY-1g

Pu® gD JO uonaEp SNOJAZOWOL
LA

‘L14 ‘GV-V'TH 10j snosizowoy
Souas Y 9SBIAXOIPAY-17

pue gFD) JO UONSEP SNOSAZOWOF]
Laa

‘L14 ‘GV-V'TH 10§ snosizowoy
SOU03 Y oSLIAXOIPAY-Tg

pue g0 Jo uona[ep Sno3AZowop
™Oa
BEMUd QU ‘€MD 0Fd 'S8V

-y1H :odfopdey purered ogurg
(9 SUIOSOWIOIYD OSLD ST} Ul

OUIOSOWOLD [BULIDBUL & JNOTIM
sowosowoxyo [ewrajed [eonuapr)

Awostpost [ewroyed [eroye[un

QCﬁQMGﬁ @—.ﬁ@m [$§%0) MC ®U-®~uw>® ON
219 ‘TV-V'TH 10§ snoSAzowoy

uon|[ep a3 gF)) JO SUAPIAS ON
cda
LMD L4 TV-VTIH/QYd “eadD

‘914 ‘TTV-VTH 10J snogkzoraroy
LA

‘114 ‘0EV-V'TH 10j snosAzowopy

Ppa0lep
SUQSTUE IBSONU S[(LIOLIIXD
0} seIpoqnue ou ‘_yNV
sysodop [eiguesouwr by pue
9371 10§ aansod :Asdorq [euor
90UAISAIONJOUNTITIT *_UIG-Tjue
“_eT-nue ,og-nuv _YNd VNV

+:.—m-ﬂ¢.m
og-nue _yNd-nue L YNV

sypsodop [eiduesowr b1y
pue N3] 10 eanisod :Asdorq
[BUSI 9OUROSAIONJOUN LT

‘_e-pue ‘ oy-npue ‘ wg-pue
VNA PaPPds $501/1 VNV

unowun adjorduwos ‘spuydau
sndn[ jo parp 1)sis ¢, vrp
-[Que © oy-pue nm:E&m 10§ 359}
aansod—asye; [eo1do[o1q . YNV
+dNY
-hue fwg-pue yNd VNV

onewoydwisy

F1 o5e je
eigpeaueAjod ‘Aunisussojoyd
BLINJRWAY ‘g OFE JB (Sl Ie[e]y

Auansuasojoyd

YSer OIH[NISLA ‘USBI IB[RJN
(6861 v 12
Joqure-duti)) suonedrduod
Areuowndorpred
JO poIp ‘suonooyut
Areuownd Juermoor ‘muoy
1J9[ Jo snrpAwoaiso padofasap
1oye] ‘spuydouoniatold
Aydone [eoLyEOD
‘uousurouayd s pneudey

‘ysex ‘spsuruowt [eLraorg
SI90[Nl [BI0 ‘BIUIOUE dnA[ouIoy
aansod-squiooy) ‘snurredjod
“T§ 98k Je ysex aantsuasojoyd
padooasp ‘urjporuad
M pajean} £ pue LT

sage e stryd~s 10y 1501 eAnISOJ
uouswouayd

s, pneukey yser ‘AJAnIsuasojoyq

mﬂowcwﬂwﬂmmcov

‘syuared
QGUM.AM<
YHON ‘IN Gl

snooumsuesuod

‘syuared
ueOLyY
JHON ‘N ‘91

snooums
-UBSUODUOU

<6

ueLady ‘Jf ‘G

T

URuL) ‘A ‘9

i

541

€l

247

cl

1T



‘g A[rurey 0 paje[ay q

‘(6 °SeD 10} pojensuowop Os|y ,

‘urjordoapnuoqur ‘gNY 103oe]

projewmo1 ‘Y fsnsojewopdre sndny gy femdmnd uwuouypg—yoousy ‘JSH ‘urnqofsounurwr 8y snua eg-uwisdy ‘AgH Apoquue respnunuy YNV

(6661) 17 12 BPIOT

(9661) v 12 eROYT

1090, 190
TOT0.SIYA ‘TOST-TAHA
€MD ‘0P TV-VTH/E090. 190
TOTO.CHUA ‘TOST. TAUA ‘LMD
‘66d ‘GV-V'TH 10j sno3AzorajoH
QI[IO Ul PajIRIOp
apnad{jod $7) paresuny oN
()¢ UOX® Ul UOpOd
doys armyeward e ur Sunnsox
6¢ uoxe ur uonesur 1red oseq—g
[eonyuapr poureyuod e adKoydey
[puzejed uo oudB gD pue v
pue ‘odfjordey [eurerewr wo ouol
V¥O (34d ‘€MD ‘0¥d GV-V'TH)
oULS [PUISEW UO UOHD[IP F))
(1090, 190
TOT0.S99d ‘TOST.T9YA)
BUA ‘€MD 07 BV
“VIH/(Z090. 19O ‘T0T0.CaUA
TOST. AU A) A LMD
‘66d “GV-V'TH 10j Sn03Azo1a)o|
soua3 y oseAX0IpAy-1g pue
g0 0] JO UONS[EpP SNOSAZOWOF]
90d ‘€TUd LD
‘9ed “FEV-V'TH 10j snosszowoy
Aderory ouofostupaxd
Aep-oyeuraye 0} popuodsar syoeny

€0
pue N3] 10§ aanisod :Asdorq
UD{S 9OUSOSIIONJOUNUILUT
{08BT/T ,ws-nue

“oamsod Apfeom 14 028/ VNV

b0 pue ‘€0 (VA1)
‘INST 93T Joy aantsod :Asdoiq
—.—WCUL QQ:\QUwO&O:—%O:5::~:
¢_s1ogpoy-nue

*_oprD-RUE YN “03/T sVNV

AJuo AyAnIsuasojoy g

ystuutg W ‘¢ 991

soueugord

BuLIMp SUOLE(IIOLXD

‘eruadoyna] ‘snrrresjod
“qSeI Ie[ew ‘K)AnISuasOjot ]

st A “0g vgT

snuydauoniawols
aanerdjioxdorsuesaw
‘LR

‘Bunruoa “19A9J JUDLINDAY d ‘I 01 <1

SOOUDIOJIY

SOION

s1s9], A10jeI0qe]

[ENEE @ Esliiie)

dnoxsy oty Aure g
/o0eY “1opuas)
9asuQ) e (1£) 98y

(ponunuo) 111 AI4V.

248



c0'0 > d,

"159) J0BX0 S I9YSL] Susn 6660°0 = d,

(LT = sH eane[ar ‘900’0 = d) %T'6F SUSIA %9 0F—FHA-VIH ‘%L 0T SNs10a % TT—ST d-V'TH %L} Susioa

%G 9—Cg V-V'TH :910M sjonuod pue sjuaned ur (g) seruonbery uognue enprarpur oy nq ‘dnois jonuoos oy ur pajels jou sem Louonbory adSojdey oy, q

10q 10 QT-VTH 10 CgV-VTH 1oyo passassod [[e ‘padA) yrIH s[enpiarpur Juanyap-gDd o} JO »
“UONORAL UTLLD ASLIOWA[O] “UDd

98000 €810°0 — — (L) LT (8)9°¢ 0 0 0¥ 616 AMYM wep poysyqudup
0 0 — — — — — — ¥61 L1 UROLIDUIY UBDLY
#0L000  ,9780°0 — — 9 ¥1 (@) 91 0 (@) 91 L&y sel AMYM (P66T) v 42 ueAlng
0<00°0 1650°0 — — DT o9 8¢ 0 0 001 98 AMYM (€661) ‘Iv #2 uossponiy,
— — €900°0 08000 (met (M9t 0 0 9L %9 AMYM  (T66T) 7P 92 USsUEHSLYD
— — — 1¥10°0 — (8) 0% — (m¥o €91¢ i MYM (686T) v 12 Sunprey
— — 0 8020°0 0 (M ve 0 0 o 6¢ AMYM (€861) ¥ 42 19paLg
— — 8800°0 0 (€) L1 0 0 0 9LT i AMYM  (€861) v 12 udsUERLSLYD
— — 85000 ,8BE0'0 98T (L) 1e 0 () Lo 605 LET AMYM (9L6T) v 42 sse[D
wMO.EEOU m«ﬁwﬂmnﬁ m~0.5ﬂ00 wuﬁ@ﬂdnﬂ w—ObCOU wuﬁwﬂdnﬂ m—ObCOU mwgwﬂdﬁ m~Ob:OU mwﬂmﬁmh momm wozmvhwmmm
sisdfeuy YD 4q sisA[euy SN08AZ01030 ] SN0SAZoWo ] JO "ON
uonNaE(] AIWOUdS) adfordey zaa
Ied oseq-9g ‘8T ‘SGV-VTH ("ON) % Aouapyad 0,080

A} JO UONINI(L

Kouanbor g o[y .0OZD

SNSOLVINTHLAMY SNdNT OTWALSAS ANV STTATTY ().OED

Al H'TdV.L

249



250 PICKERING et dl.

group (i.e., 1475). If the incidence of SLE among C2-deficient individuals
was as high as 33%, there would be ~500 C2-deficient lupus patients in
the UK. The prevalence of SLE in the UK is ~1 in 3000, giving a national
total of 19,600 cases. If 33% of C2-deficient individuals developed lupus,
then such cases would represent 2.5% of the lupus population.

However, there are data showing that the frequency of homozygous C2-
deficient individuals among patients with SLE is, at most, 1% (Table IV).
Therefore, of the 19,600 UK lupus patients, a maximum of 196 might be
C2 deficient. This gives a maximum prevalence of SLE among the UK
C2-deficient population of ~13%. It is clear from these figures that the
incidence of SLE among C2-deficient women is not 33%, but much more
likely to be ~10%.

Consistent with the fact that the majority of homozygous C2-deficient
individuals are well was the finding that the first 8 reported individuals
with homozygous C2 deficiency (from 4 families) were all healthy
(Agnello, 1978; Cooper et al., 1968; Klemperer et al., 1966, 1967) and,
indeed, 2 of them were immunologists! However, following these initial
reports, many cases were subsequently recorded of patients with C2
deficiency and SLE (Agnello, 1978). At present, at least 100 such cases
have been reported.

The severity of SLE associated with homozygous C2 deficiency is
comparable to “idiopathic” SLE, but certain phenotypic differences
exist. Renal and cerebral involvement appears less common, while
arthralgia is more frequent (Agnello, 1978; Ruddy, 1986). Cutaneous
involvement, typically widespread erythematous annular lesions, is com-
mon. Serological differences include the rarity of antibodies to double-
stranded DNA and ANAs, while the frequency of anti-Ro antibodies
appears to be high compared with idiopathic lupus (Agnello, 1978;
Provost et al., 1983). For example, in a study of 9 homozygous C2-
deficient female lupus patients, 7 were anti-Ro antibody positive, while
only 5 possessed low-titer ANAs and only 3 were anti-DNA antibody
positive (Provost et al., 1983). Skin immunofluorescence studies in
individuals with homozygous C2 deficiency and SLE typically do not
show the presence of either complement or immunoglobulin at the
dermoepidermal junction (Agnello, 1978).

There are also reports of associations of C2 deficiency with recurrent
infections, although these are less frequent than the reports of the associa-
tion of SLE and C2 deficiency (Borzy et al., 1984; Hyatt et al., 1981;
Leggiadro et al., 1983; Newman et al., 1978; Sampson et al., 1982; Thong
et al., 1980). The reason for this association, in some cases, may be partly
explained by coexistent abnormalities of the alternative pathway function
in C2-deficient individuals. Two C2-deficient children with recurrent septi-
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cemia were shown to have 50% normal factor B levels and reduced alterna-
tive pathway hemolytic activity, the latter normalized upon addition of
purified factor B (Newman et al., 1978).

Deficiency of C2 may be either due to a failure to synthesize the protein
(termed type I deficiency) or due to a selective defect in its secretion (type
IT deficiency). Type I C2 deficiency is by far the most common cause of
C2 deficiency and, in at least 90% of cases, is associated with the extended
haplotype: HLA-25, B18, DR2, C2Q*0, C4A4, C4B2, BfS (Agnello, 1978;
Hauptmann et al., 1982). The molecular basis for type I deficiency, associ-
ated with this haplotype, is due to a 28—base pair genomic deletion which
causes skipping of exon 6 during RNA splicing, resulting in generation of
a premature termination codon ( Johnson et al., 1992). Molecular analysis
of a 33-year-old white boy with complete C2 deficiency has elucidated a
further cause of type I C2 deficiency. On one allele, the 28-base pair
genomic deletion was detected, while on the other, a novel mutation
consisting of a single base pair deletion in exon 2 that caused a frameshift
mutation and premature stop codon was present (Wang et al., 1998). This
deletion was present on the haplotype HLA-A3, B35, DR4, C2Q*0, C4A32,
C4BQ*0, BfS. Type II C2 deficiency is due to missense mutations at highly
conserved residues in the C2Q*0 allele (Wetsel et al., 1996). A cytosine-
to-thymine substitution in exon 5 (C*T, Ser'®Phe) was associated with
the haplotype HLA-A11, B35, DR1, C2Q*0, C4AQ*0, C4B1, BfS. The
second is a guanine-to-adenine substitution (G'*A, Gly**Arg) associated
with the haplotype HLA-A2, B5, DR41, C2Q*0, C4A3, C4B1, BfS. A third
mutation associated with type II C2 deficiency has been described (G*?A,
Cys'!'Tyr) on another haplotype: HLA-A28, B58, DR12. The precise mech-
anisms by which these mutations result in the failure to secrete the C2
protein are not known.

6. C3 Deficiency

Homozygous C3 deficiency is strongly associated with recurrent and
severe bacterial infections, particularly those caused by encapsulated organ-
isms such as Neisseria meningitidis, Streptococcus pneuwmoniae, and
Haemophilus influenzae. These infections illustrate the important role of
C3 as a bacterial opsonin. Major infections in patients with C3 deficiency
are most prominent in childhood and are less of a clinical problem in
adults. This presumably reflects the lesser importance of complement in
host defense to pyogenic bacteria as antibody responses mature in response
to repeated infectious challenges. Among C3-deficient subjects, there is
also an increased susceptibility to “immune complex”—mediated disease,
particularly glomerulonephritis.
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Twenty-three individuals from 16 families have been reported to date
(Table V). Seventeen of these suffered from severe and recurrent pyogenic
infections. Only 2 were apparently healthy, while 1 individual developed
mesangiocapillary glomerulonephritis (MCGN) but did not have a history
of recurrent infection. In contrast to homozygous classical pathway compo-
nent deficiency, complete absence of C3 has been associated with an SLE-
like illness in only 3 individuals, all of whom were ANA negative (Imai et
al., 1991; Sano et al., 1981). MCGN has been reported in 4 of the 23
cases, while 3 individuals had clinical evidence of nephritis (e.g., proteinuria
and hematuria) and 1 individual developed immunoglobulin A (IgA) ne-
phropathy. Many family studies have shown that heterozygotes possess
50% normal C3 levels. With the exception of 1 heterozygous sibling who
developed MCGN (Pussell et al., 1980), heterozygote individuals are
healthy (Botto and Walport, 1993). An additional family has been described
containing 3 female siblings who expressed a dysfunctional C3 protein,
among whom 1 suffered from SLE (Nilsson et al., 1992).

The first molecular analysis of human homozygous C3 deficiency demon-
strated the presence of a GT-to-AT mutation at the 5'donor splice site in
intron 18 (Botto et al., 1990). This splice site mutation caused a 61-base
pair deletion in exon 18 that resulted in a frameshift mutation and prema-
ture stop codon in exon 18. Further characterized mutations have included
the presence of a 5 donor splice site mutation in intron 10 (Huang and
Lin, 1994), the presence of an 800-base pair deletion which included
exons 22 and 23 (Botto et al., 1992), and a point mutation that affected a
factor I cleavage site (Watanabe et al., 1993). An individual with C3 defi-
ciency but normal C3 ¢cDNA has also been reported (Katz et al., 1994;
Peleg et al., 1992; Singer et al., 1994). In this case, a maternally inherited
point mutation in exon 13 resulted in a single amino acid substitution in
the B-chain and caused impaired C3 secretion (Singer et al., 1994).

7. Terminal Pathway Component Deficiency

There is a small number of patients with SLE and homozygous deficiency
of the membrane attack complex proteins. These include isolated case
reports of SLE in individuals with deficiencies of C5 (Ross and Densen,
1984), C6 (Tedesco et al., 1981; Trapp et al., 1987), C7 (Segurado et al.,
1992; Zeitz et al., 1981), C8 (Jasin, 1977), and C9 (Kawai et al., 1989).
These associations are more likely to be explained by ascertainment artifact
than by a causal link between deficiency of the membrane attack complex
protein and the development of SLE. The reasons for this are set out in
Section II,A,9.

8. Mannose-Binding Lectin Deficiency

The third pathway for activation of the complement system is the
mannose-binding lectin (MBL) pathway, which is homologous to the classi-
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cal pathway. MBL is homologous to C1q but binds to terminal mannose
groups on the surface of many pathogens. Following ligand binding, MBL
activates two serine esterases, MASP-1 and MASP-2, which are homolo-
gous to Clr and Cls, and these in turn cleave C4 and C3 (Lu et al.,
1990; Matsushita and Fujita, 1992). MBL is structurally and functionally
analogous to complement C1q and this led to the hypothesis that individuals
with deficiency of MBL might be predisposed to the development of lupus.

The MBL gene comprises four exons and is located on chromosome 1.
Five polymorphisms that result in reduced serum MBL have been identi-
fied (Lipscombe et al., 1995). Three point mutations have been described
in exon 1 that result in reduced MBL serum levels: Asp™, Glu”, and Cys™
mutations (Lipscombe et al., 1995). Two linked promoter polymorphisms,
at nucleotide positions —550 (H/L variants) and —221 (X/Y variants), have
also been described (Madsen et al., 1995). These polymorphisms occur
on three haplotypes: HY, LY, and LX, which are associated with high,
intermediate, and low levels of serum MBL, respectively.

A point mutation (guanine to adenine) at nucleotide 230 of exon 1 that
results in the substitution of aspartic acid for glycine in codon 54 (Asp™
mutation) is associated with severe, recurrent infections in children and
adults (Summerfield et al., 1995, 1997), and the mutant MBL protein is
unable to activate complement (Super et al., 1992). In a study of 102 white
lupus patients, both the frequency of this allele (41% versus 30%) and the
number of homozygous individuals (10% versus 7%) were increased in
patients compared to 136 healthy controls, although this did not reach
statistical significance (Davies et al., 1995a). However, in a small study of
50 Spanish lupus patients, the frequency of the Asp™ allele was significantly
increased in the patient group (52% versus 31%, p = 0.03) (Davies et al.,
1997). In both of these studies, the combination of a C4 null allele and a
dysfunctional MBL allele was more strongly associated with SLE than
either allele alone (Davies et al., 1995a, 1997). An association between
low levels of serum MBL and SLE has been reported in Chinese lupus
patients, among whom an increased frequency of the Asp™ mutation was
found (0.33 versus 0.23) (Lau et al., 1996).

In a study of 92 African American lupus patients, the frequencies of
both the Asp™ mutation (0.163 versus 0.087, p = 0.0225) and the Glu™
mutation (0.125 versus 0.047, p = 0.0067) were significantly increased
compared with 86 healthy controls (Sullivan et al., 1996). Furthermore,
the frequency of the promoter polymorphisms associated with high levels of
MBL were significantly decreased among the lupus patients (HY haplotype
frequency: 0.078 versus 0.164, p = 0.0115). Although the increase in the
frequency of the LX haplotype among lupus patients did not reach statistical
significance, the number of LX/LX homozygotes was higher among the
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patient group (11% versus 2.6%, p = 0.0324). Moreover, an association
between the LX haplotype and SLE has been demonstrated in a study of
112 Chinese lupus patients (LX haplotype frequency: 0.259 versus 0.154,
p = 0.019) (Ip et al., 1998).

In summary, the data show that both structural and promoter polymor-
phisms associated with low serum MBL are increased among patients with
SLE from different ethnic backgrounds. These results suggest that MBL
may play a similar role to C1q in conferring protection against the develop-
ment of SLE, though with a much weaker protective effect.

9. Complement Deficiency, SLE, and Ascertainment Artifacts

Ascertainment artifact is a common trap in studies of associations in
medicine. Thus, as described above, the first two individuals identified
with C2 deficiency were both immunologists. Similarly, the first two hu-
mans with IgA deficiency were both immunologists working in Dr. Henry
Kunkel’s laboratory in New York. It is implausible that C2 deficiency is a
disease susceptibility gene for becoming an immunologist or that IgA
deficiency was a cause for working in Henry Kunkel’s laboratory! There
are analogous reasons for worrying that the association of complement
deficiency with SLE is a similar though less extreme type of artifact induced
by the selective assay of complement levels among patients with the disease.

However, there are compelling data that the link between deficiency of
classical pathway complement proteins and SLE is causal rather than
artifactual. First, two large population surveys in Switzerland (of 4000
consecutive recruits into the army) and Japan (of 145,640 consecutive
blood donors) identified no individuals with homozygous deficiency of any
classical pathway protein or of C3 (Hassig et al., 1964; Inai et al., 1989).
Second, surveys of the inbred populations local to some of the C1q-deficient
patients in Turkey have failed to reveal any asymptomatic Clq-deficient
individuals (Berkel et al., 2000).

Third, among families in which a Clqg- or C4-deficient proband was
identified, the great majority of the sibships who were also found to be
homozygous complement deficient also had SLE or later developed disease
(Table VI). The concordance of SLE between siblings with Clqg, C11/Cls,
and C4 deficiency is 90%, 67%, and 80%, respectively. This very high
concordance provides additional evidence against the association of com-
plement deficiency with SLE being due to ascertainment artifact. It is
interesting to contrast these concordance data with the best published
study of twin concordance of the expression of SLE, which showed concor-
dance of disease of 2% among dizygotic twins and 24% among monozygotic
twins (Deapen et al., 1992).
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TABLE VI
Homozycous COMPLEMENT DEFICIENCY AND SYsTEMIC Lupus ERyrHEMATOSUS (SLE)

Homozygous Complement

Deﬁcjency Clq Clr/Cls C4 c2° C3
Incidence of SLE
Total no. of reported cases 42 14 24 77 23
Individuals with SLE
No. 39 8 18 24 3
% 93 57 75 320 13
Sex ratio
All cases
F:M (no.) 23:19 8:6 14:10  43:30° 16:7
F:M (ratio) 1.2:1 1.3:1 14:1 14:1 23:1
Individuals with SLE
F:M (no.) 22:17 5:3 12:6 21:3 3:0
F:M (ratio) 1.3:1 1.7:1 2:1 7:1 —
Sibling concordance data for SLE
No. of families with SLE and >1 11 2 4 8 1
deficient sibling
Total no. of siblings from these 29 6 10 17 2
families
Sibling concordance for SLE (%) 90 67 80 58 N/A

N/A, Not applicable.

* From Ross and Densen (1984).

b See also text.

° Gender not reported for four cases.

Fourth, several conditions in which there is chronic acquired deficiency
of complement, for example, caused by deficiency of C1 inhibitor (heredi-
tary angioedema) or autoantibodies to the C3 convertase enzyme (C3
nephritic factor), show a markedly raised prevalence of SLE. We review
this association in the next section. Finally, mice in which a gene-targeted
mutation of Clq has been engineered developed spontaneous lupus-like
disease (reviewed in Section III).

However, it remains likely that there is still some ascertainment artifact
that may tend to overestimate the strength of the association between
complement deficiency and the development of SLE. This is most obvious
in the case of C2 deficiency (discussed above), in which simple mendelian
calculations using the Hardy—Weinberg equation show that 1:20,000 of
western European white populations have homozygous C2 deficiency. Only
a minority of these individuals can have symptomatic SLE, or lupus clinics
would be swamped with C2-deficient patients!

It is likely that ascertainment artifact is the explanation for the very rare
reported cases of patients with SLE and inherited deficiency of a membrane
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attack complex protein (reviewed in Section II,A,7). A survey of Japanese
blood donors identified 138 subjects of 145,640 with a homozygous defi-
ciency of a membrane attack complex protein, mainly of C9; none of these
subjects had SLE (Inai et al., 1989). In this same population, no subjects
were identified with a classical pathway protein deficiency (Fukumori et
al., 1989). By contrast, 5 Japanese patients with SLE and Clq deficiency
have been reported, but only 1 with SLE and C9 deficiency (Kawai et
al., 1989).

10. Acquired Complement Deficiency and SLE

Patients with heterozygous deficiency of C1 inhibitor suffer from the
disease hereditary angioedema. The angioedema in this disease is caused
by a failure of the reduced levels of C1 inhibitor to regulate the activity
of kallikrein, Clr, and Cls, leading to the production of kinins which
increase vascular permeability. This failure to regulate Clr and Cls is also
associated with increased turnover of C4 and C2. Patients with this disease
have chronically severely reduced levels of these complement proteins,
even in the absence of attacks of angioedema. It is of great interest that
there are now a number of reports of patients with hereditary angioedema
developing SLE (Table VII). This association reinforces the data that
complement deficiency is a cause of SLE and illustrates that acquired, as
well as inherited, deficiency of classical pathway proteins may be a cause
of disease.

There are several autoantibodies to complement proteins that interfere
with the physiological regulation of complement activation in vivo, and
each of these has been associated with the development of SLE. These
antibodies are C3 nephritic factor, anti-C1 inhibitor autoantibodies, and
anti-Clq antibodies. In each of these cases, there is a “chicken and egg”
dispute, since it could be argued that development of the anticomplement
autoantibody is itself part of the SLE process. However, in the case of C3
nephritic factor, which stabilizes the C3bBb C3 convertase enzyme of the
alternative pathway, 8 cases of SLE have been described (Table VIII)
(Cronin et al., 1995; Font et al., 1990; Jasin, 1979; Sheeran et al., 1995;
Walport et al., 1994). In each of these, the onset of SLE occurred many
years after the development of the partial lipodystrophy or dense-deposit
MCGN (the main clinical phenotypes associated with the presence of C3
nephritic factor), supporting the idea that the C3 nephritic factor was the
“egg” rather than the “chicken”.

B. CoMPLEMENT NULL ALLELES

Because of the strong association between hereditary homozygous classi-
cal pathway complement component deficiency and SLE, it was hypothe-
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sized that partial deficiencies of C4 or C2 may increase disease susceptibil-
ity. This has been an extremely difficult hypothesis to test, for two reasons.
The first of these is the difficulty of accurately ascertaining individual
C4 null alleles and the second is due to the phenomenon of linkage
disequilibrium within the MHC region.

There are three reasons that it is difficult to ascertain C4 null alleles
with precision. The first is because there are two isotypes of the protein,
which require resolution either by electrophoretic separation (Awdeh and
Alper, 1980) [which is easier after removal of C-terminal basic amino acids
with carboxypeptidase B (Sim and Cross, 1986)] or by using monoclonal
antibodies (Chrispeels et al., 1989; O'Neill, 1984). The second, more funda-
mental difficulty is that the levels of expressed C4A and C4B show overlap
in the presence of one or two functional alleles (Hammond et al., 1992;
Moulds et al., 1993; Wilson et al., 1989). The third is that patients with SLE
often have severely reduced C4 levels in plasma because of complement
activation in vivo. Several strategies have been devised to get around these
problems, but none are perfect. The ratio of C4A to C4B expression has
been used to deal with the problem of variable total C4 turnover in serum.
Family studies provide increased confidence, because low C4A or C4B
levels can be shown to be heritable. The molecular basis for the common
C4A and C4B null alleles has been identified which allows accurate geno-
typing for some, though not all, null alleles (Schneider et al., 1986). How-
ever, the majority of published studies have been based on protein pheno-
typing.

The phenomenon of linkage disequilibrium in the MHC raises a more
fundamental difficulty. There is no doubt at all that there is one or more
disease susceptibility genes for SLE located within the MHC—but after
more than 20 years of research in this area, it still remains uncertain what
is the relevant gene or genes. The best approach to trying to identify the
relevant gene within the MHC that causes disease susceptibility is to study
populations of different ethnic origins, in which the combinations of alleles
at the many genes within the MHC are different. However, at present, a
level of agnosticism is necessary about which are the relevant loci in the
MHC that are associated with disease susceptibility to SLE in the majority
of patients. It is universally agreed that total deficiency of either C2 or C4
causes a powerful predisposition to the development of SLE, but only a
tiny minority of cases can be explained on this basis. In the majority of
patients with SLE, there are three main groups of candidate genes within
the MHC. The first are the genes that encode MHC class II proteins
and components of the antigen-processing machinery, which control the
repertoire of peptide presentation to T cell receptors (Beck and Trowsdale,
1999). The second are the mutated genes, which are responsible for C4A
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and C4B null alleles (which we review in the next section). The third
are the allelic variants at the loci for the cytokines tumor necrosis factor
(TNF-a) TNF- and lymphotoxin. Very many other genes have been discov-
ered within the MHC, and some of these may turn out to be important
in determining susceptibility to SLE.

1. C4 Null Alleles

Null alleles at either the C4A or C4B locus are very common, although,
as discussed above, haplotypes carrying null alleles at both loci are very
rare, accounting for the extreme rarity of total C4 deficiency. A single C4
null allele may be seen in up to 30% of healthy white subjects, with ~4%
having homozygous C4A deficiency and 1% exhibiting homozygous C4B
deficiency. Low levels of C4 are present on normal erythrocytes. It was
found that polymorphic variation of C4A is responsible for the blood group
named Rodgers, and likewise, variation of C4B is responsible for the Chido
blood group (O'Neill et al., 1979). This means that the erythrocytes from
individuals with C4A deficiency are negative for the Rodgers blood group
and those from subjects with C4B deficiency are negative for the Chido
blood group.

There is a strong association between C4AQ%0 null alleles and SLE
among patients of western European white origins (Table IX). Moreover,
in these patients the association shows a gene “dose-dependent” effect.
For example, one study of white patients demonstrated a relative risk in
heterozygotes of 3.23, rising in homozygotes to 16.86 (Howard et al., 1986).
However, in the majority of these studies, the association with C4AQ*0
occurs in conjunction with an increased incidence of the 8.1 ancestral
haplotype: HLA-A1L, C7, BS, C4AQ%0, C4B1, DR3, DQ2. This particular
MHC haplotype is of special interest to immunologists because it is associ-
ated with other diseases of immune dysfunction, including type 1 diabetes,
autoimmune thyroid disease, myasthenia gravis, dermatitis herpetiformis,
and celiac disease (Price et al., 1999). The 8.1 ancestral haplotype is also
associated with IgA deficiency, reduced responsiveness to vaccination by
hepatitis B surface antigen (Alper et al., 1989), and accelerated progression
of human immunodeficiency virus (HIV) (Cameron et al., 1990). It is
therefore a matter of some frustration that, after many years of studies of
MHC associations with disease, it is still uncertain which gene or genes
within this, the most common haplotype in western European white popu-
lations, are responsible for these important associations.

In this context, it is important to note that an association between
C4AQ*0 alleles and SLE was also demonstrated in the majority of studies
of patients from different ethnic groups in which an association with HLA-
DR3 was not found (Table IX). For example, in African American patients,
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the presence of a C4AQ*0 allele conferred a relative risk of 4.5 despite
no association with HLA-DR3 (Olsen et al., 1989). Furthermore, in Japa-
nese and other Asian populations in which HLA-DR3 is extremely rare,
the association with C4AQ*0 persisted (Dunckley et al., 1987; Yamada et
al., 1990). However, a number of studies in white (De Juan et al., 1993;
Goldstein and Sengar, 1993; Reveille et al., 1995b, 1998) and African
American (Reveille et al., 1998) populations have not found significant
associations between the presence of SLE and C4AQ*0 alleles.

Reported associations between C4BQ*0 alleles and SLE are much
weaker than for C4AQ*0 alleles (Table X). Many studies have found no
increase in C4BQ*0 gene frequency in white populations and in other
ethnic groups. It is therefore necessary to explain why partial deficiency
of C4A and not C4B might predispose an individual to SLE. There are
functional differences between C4A and C4B that could account for this.
The C4A isotype shows preferential binding to amino groups, forming
amide bonds, and binds particularly to proteins, for example, in immune
complexes (Schifferli et al., 1986). C4B shows preferential binding to
hydroxyl groups, forming ester bonds, and binds predominantly to carbohy-
drates. C4B binds more effectively to the surface of erythrocytes than
C4A, and for this reason is more active in hemolysis than C4A.

Complement activation by immune complexes interferes with lattice
formation, thereby maintaining complexes in solution (Heidelberger,
1941). Hence, deficiency of C4A may cause less effective processing of
immune complexes with deposition in tissues and resultant damage. The
role of complement in the processing of immune complexes is discussed
in detail in VI,C. There is also increasing evidence that the complement
pathway plays a role in the clearance of apoptotic cells (discussed in Section
VI). Itis not known whether the C4A and C4B isotypes show any difference
between their abilities to bind to apoptotic cells.

The molecular basis of a number of the more common C4AQ*0 and
C4BQ*0 alleles has been characterized. The C4AQ*0 allele on the extended
haplotype HLA-A1, BS, DR3 is most commonly caused by a large deletion
involving C4A and the adjacent 21-hydroxylase A pseudogene locus
(CYP21A) (Carroll et al., 1985; Goldstein et al., 1988; Kumar et al., 1991;
So et al., 1990). The deleted C4AQ*0 allele is easy to ascertain using
molecular techniques and—as would be expected from the association
between this deletion and the HLA-A1, BS, DR3 haplotype—a significant
association between this deletion and SLE has been reported in white
lupus patients (Hartung et al., 1992; So et al., 1990). However, the deleted
C4AQ*0 allele was also significantly increased in a study of African Ameri-
can lupus patients (24% versus 7.4%, p = 0.05, relative risk = 4), although
all patients with the deletion were either HLA-DR2" or HLA-DR3" (Olsen
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et al., 1989). Among individuals who possess C4AQ*0 alleles originating
from haplotypes other than HLA-A1, B8, DR3, this gene deletion is rare
(Goldstein et al., 1988; Hong et al., 1994; Kumar et al., 1991; Yamada et
al., 1990). For example in Japanese patients, despite a significant increase
in C4AQ*0 allele frequency (44.1% versus 13.3%, p < 0.005), no patient
had a deletion of the C4A gene (Yamada et al., 1990).

Deficiency of C4A may also be a consequence of nonexpression of the
C4A gene. A C4A pseudogene can result from a 2—base pair insertion in
exon 29 of the C4A gene, which results in the generation of a premature
stop codon, most commonly in association with HLA-B60, DR6 (Barba et
al., 1993) but also described on the HLA-A2, B40, Cw3, DR6 haplotype
(Nordin Fredrikson et al., 1991). This non—DR3-associated mutation has
also been found in the C4B gene on the haplotype HLA-A2, B39, Cw?7,
DR2 (Lokki et al., 1999). A recent study of 188 lupus patients and 222
healthy controls demonstrated that the 2—base pair C4A gene mutation
was significantly increased compared to controls (gene frequency: 0.027
versus 0.002, p = 0.004) (Sullivan et al., 1999). When the patients were
analyzed by ethnicity, the gene frequency remained significantly elevated
in the 104 white lupus patients (gene frequency: 0.034 versus 0.004, p =
0.012). In the 84 African American lupus patients studied, the gene fre-
quency was lower (0.018) compared to the white patient group, while none
of the 82 African American control population possessed this mutation.
This supports the hypothesis that C4A null alleles may be the relevant
disease susceptibility for lupus. However, the molecular basis for the other
C4AQ*0 alleles is not yet known and this prevents the molecular epidemiol-
ogy work that will be essential in establishing whether C4AQ®0 alleles are
important independent disease susceptibility genes in all populations.

2. C2 Null Alleles

C2 deficiency is the most common inherited deficiency of the classical
pathway of complement. The case that homozygous C2 deficiency is a
powerful predisposing factor for SLE has been considered above. Is there
any evidence that heterozygous C2 deficiency may also be a disease suscep-
tibility gene for the development of lupus?

As is the case for C4, it is extremely difficult to detect C2 null alleles
by measuring protein levels in blood samples from patients with active
SLE because of the complement activation in vivo associated with disease
activity. However, the C2 null allele (C2Q*0) occurs, in the large majority
of cases, in association with the haplotype HLA-A25, B1S, Cw-, DR2,
C4A*4, C4B*2, C2Q*0, Bf*S (Agneﬂo, 1978; Awdeh et al., 1981b; Haupt-
mann et al., 1982). Identification of this haplotype, especially of the unusual
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C4 allotypes in combination with the Bf*S allotype of factor B, is a reason-
able surrogate for the detection of the C2 null allele.

Results of the first study to test the hypothesis that C2 deficiency might
be a disease susceptibility gene for autoimmune disease showed that there
was a significant association between SLE and heterozygous C2 deficiency
(5.9% versus 1.2%, p = 0.0009) (Glass et al., 1976). This result has not
been confirmed by subsequent studies. The common haplotype containing
the C2 null allele was not raised in a study of 248 central European lupus
patients (Hartung et al., 1989). Similarly, none of the HLA-B18* lupus
patients in another white population possessed the complotype C4A*4,
C4B*2, Bf*S (Christiansen et al., 1983), suggesting that a single null C2
allele does not confer increased susceptibility to disease.

As discussed earlier, the molecular basis of C2 deficiency is most com-
monly due to a 28-base pair genomic deletion, associated with the HLA-
A25, B18 haplotype (type I C2 deficiency) ( Johnson et al., 1992). This has
enabled precise identification of null alleles, and several groups have now
measured the prevalence of the deleted C2 null allele using molecular
techniques. Among 86 Swedish lupus patients and 100 controls, no homozy-
gous C2-deficient individuals were found and the frequency of C2 null
alleles did not differ significantly between the groups (5.8% versus 1%,
not significant using Fisher’s exact test) (Truedsson et al., 1993). A further
study of 122 white lupus patients and 427 North American white controls
did not demonstrate a significant increase in C2 heterozygotes in the
patient group compared to ethnically matched controls (1.6% versus 1.4%,
respectively) (Sullivan et al., 1994). Furthermore, the 28—base pair deletion
was not detected at all in 127 African American lupus patients or in 194
African American healthy controls (Sullivan et al., 1994).

The MHC haplotype carrying the C2Q%0 allele is sufficiently common
that it must carry a selective advantage to compensate for the disadvantage
of the raised incidence of lupus among the homozygotes. While it is quite
likely that such an advantage lies in other genes in the haplotype, it is
also plausible that the C2 deficiency itself has a compensating advantage.
Schorey et al. (1997) have reported that Mycobacterium tuberculosis makes
a C4-like molecule that can scavenge C2a to generate an active C3 con-
vertase, which in turn causes C3 deposition on the mycobacteria and
facilitates their entry into macrophages through complement receptors.
Absence of C2 would subvert this mechanism and could therefore result
in increased resistance to tuberculosis (Lachmann, 1998).

In conclusion, the majority of studies (Table IV) have failed to demon-
strate either a significant increase in heterozygous C2 deficiency or an
increase in its associated haplotype. Hence, partial C2 deficiency does not
appear to be a disease susceptibility factor for the development of SLE.
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C. CompPLEMENT REcEPTOR TYPE 1 (CR1, CD35, C3b/C4b RECEPTOR)

CRI1 (the “immune adherence” receptor, C3b/C4b receptor, or CD35)
is predominantly a cell surface protein with a transmembrane domain. It is
distributed on B cells, neutrophils, monocytes, macrophages, erythrocytes,
follicular dendritic cells, and glomerular epithelial cells. Its principal ligands
are C3b, iC3b, and C4b. There are also data that suggest that CR1 may
play a role as a Clq receptor (Klickstein et al., 1997; Tas et al., 1999).

CR1 has several important physiological functions. First, it has a crucial
role in the protection of host tissues from damage by autologous comple-
ment activation. CR1 present on autologous cell membranes promotes the
dissociation of C3b from Bb and the dissociation of C2a from C4b, resulting
in the “decay acceleration” of the alternative and classical pathway C3
convertases, respectively. CR1 also acts as a cofactor to the serine esterase
factor I, which cleaves C3b to iC3b. Factor H, a plasma protein, acts as
an alternative cofactor to CR1 for this cleavage. However, only CR1 acts
as a cofactor to factor I in the subsequent cleavage of iC3b to C3dg with
the release of C3c.

Second, CR1 acts as an opsonic receptor on neutrophils and macro-
phages, enhancing phagocytic uptake of C3b-, C4b-, or iC3b-coated mate-
rial. Third, in humans, CR1 present on erythrocytes enhances the physio-
logical transport of opsonized bacteria and complement-fixing immune
complexes from the bloodstream to the fixed mononuclear phagocytic
system of the liver and spleen. Fourth, ligation of CR1 and CR2 (CD21,
Epstein—Barr virus receptor) on B cells lowers the threshold for B cell
activation in conjunction with the binding of the membrane-bound antigen
receptor (antibody) by antigen. These last two functions explain the impor-
tant accessory role of complement in the optimal induction of antibody re-
sponses.

1. Inherited Numerical Polymorphism of CRI

In 1981, Miyakawa and colleagues demonstrated that erythrocytes from
the majority of patients with SLE failed to adhere to aggregated human
Ig in the presence of complement. This finding was independent of disease
activity and was also found in some of the relatives of the patients. It was
suggested that reduced expression of CR1 might be an inherited disease
susceptibility factor for the development of SLE. These findings were
confirmed and amplified using antibodies in radioligand binding assays to
quantitate CR1 numbers on erythrocytes (Iida et al., 1982). Among healthy
individuals, it was possible to detect three numerical phenotypes consisting
of high, intermediate, and low erythrocyte CR1 expression (Wilson et al.,
1982). Analysis of pedigrees suggested that the defect in expression on the
erythrocytes of SLE patients was inherited.
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After the identification and sequencing of CR1 ¢DNA (Wong et al.,
1985, 1986), a CR1 genomic polymorphism that correlated with erythrocyte
CR1 numbers was identified (Wilson et al., 1986). Hybridization of
HindIII-digested human genomic DNA with a CR1 ¢cDNA probe showed
that individuals with high numbers of CR1 sites per erythrocyte possessed
a single 7.4-kb restriction fragment, whereas individuals with low numbers
per erythrocyte had a single 6.9-kb restriction fragment (Wilson et al.,
1986). Individuals possessing both restriction fragments had intermediate
erythrocyte CR1 numbers. This polymorphism of CR1 has been found in
all populations studied so far and appears to be ancient in human phylogeny.
It has been speculated that variation in CR1 expression may play a role
in host defense against infectious and parasitic disease (Xiang et al., 1999).
This hypothesis is considered further in Section II,C,3.

The identification of an inherited numerical polymorphism of CRI,
together with the discovery that CR1 numbers were reduced on erythro-
cytes from patients with SLE, led to the hypothesis that the reduced
erythrocyte CR1 expression in SLE was inherited. The HindIII 6.9-kb
restriction fragment length polymorphism (RFLP) could be a marker of
a disease susceptibility allele for the disease (Wilson et al., 1982). A reduc-
tion in the number of patients homozygous for the 7.4-kb “high™ allele
was reported (Wilson et al., 1987) compared with normal subjects.

All subsequent studies have confirmed the reduced expression of CR1
on erythrocytes from patients with SLE (Holme et al., 1986; Inada et al.,
1982; Minota et al., 1984; Walport et al., 1985). However, the balance of
the evidence now supports the hypothesis that there is an acquired loss
of CR1 from the erythrocytes of patients with SLE. The evidence for this
is considered in the next section.

2. The Reduction in Erythrocyte CR1 Numbers Associated with SLE Is
Acquired, Not Inherited

Although among consanguineous relatives a reduction in erythrocyte
CR1 levels compared to healthy controls was reported (Wilson et al., 1982),
a subsequent study did not detect a significant difference (Walport et al.,
1985). The identification of the RFLP correlating with numerical expres-
sion of CR1 meant that robust molecular epidemiological studies could
be performed. Several groups found no difference in the allele frequency of
this polymorphism among SLE patients compared with control populations
(Cohen et al., 1989; Moldenhauer et al., 1987; Satoh et al., 1991; Tebib
et al., 1989). In three of these studies, patients with SLE, despite being
homozygous for the 7.4-kb allele associated with high expression of CR1,
had low erythrocyte CR1 numbers (Mitchell et al., 1989; Moldenhauer et
al., 1987; Satoh et al., 1991).
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In addition, several studies have provided evidence for acquired loss of
CR1 from the erythrocytes of patients with SLE. The reduction in erythro-
cyte CR1 numbers was correlated with measures of disease activity (Cor-
vetta et al., 1991; Holme et al., 1986; Ross et al., 1985). Additional correla-
tions were reported between low erythrocyte CR1 numbers and increased
circulating immune complexes (lida et al., 1982; Inada et al., 1982), in-
creased erythrocyte C3dg expression (Ross et al., 1985), and reduced C4
levels (Iida et al., 1982). Erythrocyte CR1 numbers increased significantly
during SLE disease remission (Holme et al., 1986; lida et al., 1982). The
correlation between reduced erythrocyte CR1 and increased erythrocyte-
bound C3dg demonstrated during active lupus also reversed during remis-
sion (Ross et al., 1985).

Direct in vivo evidence of acquired reduction in erythrocyte numbers
was obtained by studying patients with SLE receiving blood transfusions
(Walport et al., 1987). In patients with active disease, as much as 60% of
erythrocyte CR1 was lost during the first 5 days following transfusion.
Normal expression of CR1 was found on reticulocytes from patients with
SLE, showing that loss of CR1 occurs from these cells during their time
in the circulation (Lach-Trifilieff et al., 1999).

Finally, a reduction in erythrocyte CR1 numbers has been found to be
associated not only with SLE but also with other diseases characterized
by the presence of immune complexes and systemic complement activation.
These diseases include rheumatoid arthritis (Corvetta et al., 1991; Iida et
al., 1982), autoimmune hemolytic anemia (Ross et al., 1985), primary
Sjogren’s syndrome (Ross et al., 1985; Thomsen et al., 1986), juvenile
rheumatoid arthritis (Thomsen et al., 1987), paroxysmal nocturnal hemo-
globinuria (Pangburn et al., 1983; Ross et al., 1985), hepatitis C infection
(Kanto et al., 1996), acquired immunodeficiency syndrome (AIDS) (Tausk
et al., 1986), and lepromatous leprosy (Tausk et al., 1985).

It is not known how CR1 is lost from erythrocytes in SLE. As noted above,
reduced CR1 numbers are found in diseases associated with antibody and
complement deposition on erythrocytes, that is, autoimmune hemolytic
anemias and diseases associated with the presence of immune complexes.
Indeed, in blood samples from patients with SLE, an inverse correlation
was found between mean numbers of bound C3dg fragments and CR1
numbers per erythrocyte (Ross et al., 1985). Erythrocytes bearing C3
fragments and immune complexes interact with mononuclear phagocytic
cells in the liver and spleen (see Section VI,C). During these interactions,
any erythrocyte-bound immune complexes are stripped from the cell and
erythrocyte-bound iC3b is catabolized to C3dg. CR1 is exceptionally sensi-
tive to proteolytic degradation (Ripoche and Sim, 1986). It is possible that
CR1 is cleaved from erythrocytes by the action of proteolytic enzymes
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from macrophages during their interactions with erythrocytes bearing com-
plement or immune complexes.

3. Inherited Structural Polymorphisms of CRI

In addition to the inherited numerical polymorphism, CR1 has a
complicated structural polymorphism. There are four codominantly in-
herited allotypes showing large size variation (Dykman et al., 1983, 1984,
1985). These have molecular weights of 220 (CR1-A, or F allotype), 250
(CRI1-B or S allotype), 190 (CR1-C, or F' allotype) (Dykman et al., 1984),
and 280 (CR1-D) (Dykman et al., 1985). The size differences reflect changes
in the number of long homologous repeats (LHRs) in the extracellular do-
main of CR1, which in turn are accompanied by changes in the number of
C3b and C4b binding sites (Klickstein et al., 1988; Wong et al., 1989). The
most common allele, CR1-A, consists of four LHRs, termed A, B, C, and D.
It possesses a single C4b binding site in the N-terminal two SCRs (short
consensus repeats) of LHR-A, while the N-terminal two SCRs of LHR-B
and LHR-C each contain a C3b binding site (Klickstein et al., 1988). The
largest allotype, CR1-B, has five LHRs and is predicted to have a third C3b
binding site (Wong et al., 1989). The smallest allotype, CR1-C, has three
LHRs with only a single C4b and C3b binding site (Wong and Farrell, 1991).
These allotypic structural variants are thought to have arisen from variable
duplication of the gene sequences encoding the LHR (Wong et al., 1986).

In addition, it has been discovered that a number of blood group anti-
sera—Knops, McCoy, Swain-Langley, and York—recognize specificities
on CR1 (Moulds et al., 1991). Of particular interest, a malaria-encoded
erythrocyte surface molecule, PFEMP1, has been shown to mediate rosett-
ing of erythrocytes, by adhesion to CR1 molecules on other erythrocytes
(Rowe et al., 1997). A common African structural variant of CR1, Sl(a—),
shows reduced binding to PPEMP1 and may have a protective role against
severe malarial infection.

Several studies have analyzed the prevalence of these structural variants
of CR1 among patients with SLE (Cornillet et al., 1992; Dykman et al.,
1984; Moldenhauer et al., 1988; Moulds et al., 1996; Van Dyne et al.,
1987). The frequency of the A, B, and C alleles has not differed between
lupus patients and ethnically matched healthy controls in most studies
(Dykman et al., 1984; Moldenhauer et al., 1987; Moulds et al., 1996).
One study of 63 French lupus patients demonstrated an increase in the
frequency of the CR1-B (S allotype) allele when compared with ethnically
matched healthy controls (51% versus 26%, p = < 0.001) (Cornillet et
al., 1992).
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lll. Animal Models of Complement Deficiency

C5 deficiency was discovered as a spontaneous mutant in laboratory
mice many years ago (Nilsson and Muller-Eberhard, 1967), and many
laboratory strains now in common use lack expression of C5 protein (Rosen-
berg and Tachibana, 1986). C8-deficient mice have also been described
(Tanaka et al., 1991). However, there have been no natural examples of
any other complement deficiency occurring in mice.

The advent of gene-targeting technology has allowed the development
of mouse strains deficient in many different complement proteins. From
the investigation of these mice, significant advances have been made in
the study of the role of complement in the pathogenesis of SLE, which
we now describe. We focus on the data from the mouse, which is an
excellent model species for the development of SLE. We also briefly
describe the findings from other species in which spontaneous
complement-deficient mutants have arisen.

A. Clg-DEFICIENT MICE

Clq-deficient (C1ga™") mice were generated by insertional mutagenesis
of the first exon of the C1gA chain gene, Clga, resulting in mice with no
Clga transcripts detectable on Northern blots and no circulating Clq
protein detectable by Western blot or enzyme-linked immunosorbent assay
(ELISA) (Botto et al., 1998). As expected, these mice lacked classical
pathway-mediated lytic activity and the ability to opsonize immune com-
plexes with C3, but retained a functional alternative pathway. To date,
Clq deficiency is the only complement deficiency in mice which has been
associated with the spontaneous development of an SLE-like autoim-
mune disease.

A large cohort consisting of 226 C1ga™"~ and 108 wild-type control mice,
on a hybrid 129 X C57BL/6 genetic background, were monitored for the
development of autoimmune disease. By 8 months of age, more than half
of the Clg-deficient animals had detectable levels of ANAs and 25% had
histological evidence of proliferative glomerulonephritis (Botto et al., 1998).
The glomerulonephritis was associated with the presence of electron-dense
subendothelial and subepithelial immune deposits and the glomeruli
stained positively for IgG and C3, suggesting activation of complement via
the alternative pathway. The presence of a large number of apoptotic
bodies was noted in the glomeruli of the nephritic animals. Clq-deficient
mice with no histological evidence of glomerulonephritis also exhibited a
significantly increased number of glomerular apoptotic bodies compared
with the control animals. The expression of SLE-like disease was critically
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dependent on the genetic background of the knockout animals. Only
Clga™" mice of the hybrid 129 X C57BL/6 genetic background developed
an SLE-like disease. It is relevant that mice of this genetic background
are already predisposed to the development of autoimmunity (Botto et
al., 1998; Obata et al., 1979), and the Clq deficiency augmented the
development of autoimmunity in these mice.

B. Facrtor B/C2-DEFICIENT MICE

Generation of mice deficient in complement components factor B and
C2 (H2-Bf/C277) by gene targeting resulted in a loss of both classical and
alternative pathway-mediated complement activity and antibody-mediated
C3 opsonic activity in the serum of deficient animals (Taylor et al., 1998).
However, in contrast to C1q-deficient mice, these animals did not develop
spontaneous autoimmunity. This suggested that the protective role of com-
plement from autoimmunity did not require C3 activation and that the
early components of the classical pathway were sufficient in mice as well
as in humans. When crossed with the Clq-deficient mice to generate a
strain of mice deficient in Clq, factor B, and C2 (CIga/H2-Bf/C27"), the
spontaneous development of autoimmunity, characterized by the produc-
tion of ANAs and proliferative glomerulonephritis, was again evident
(Mitchell et al., 1999). The only obvious difference between the pathologies
of the diseases observed in the C1ga™" and CIqa/H2-Bf/C27~ mice was
the complete absence of C3 deposition in the glomeruli of the nephritic
Clqa/H2-Bf/C27~ animals, consistent with the inability of these mice to
activate C3. These observations supported the existence of a role for Clq,
and possibly C4, in protection from autoimmune glomerulonephritis and
suggested that activation of complement and deposition of C3 was not
required for the expression of the disease. The existence of a hierarchy
among the early classical pathway proteins in mice, with respect to their
protective role against autoimmunity, recapitulates the findings in humans
and shows that they represent valid models for studying the pathogenesis
of SLE associated with primary complement deficiency.

C. C3-, C4- aAND CR1/2-DEFICIENT MICE

So far, there has been no report of a predisposition to the spontaneous
development of autoimmunity in mice rendered deficient in C3 (Wessels
et al., 1995), C4 (Fischer et al., 1996), or CR1/2 (Ahearn et al., 1996;
Molina et al., 1996) in spite of substantial abnormalities in the antibody
responses of these mice, which is discussed later. The effect of these
deficiencies on the expression of autoimmunity caused by the mutant Fas
(CD95) gene, lpr, have been studied. Prodeus and co-workers (1998)
crossed C3-, C4-, and CR1/2-deficient mice on the mixed genetic back-
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ground with Fas-deficient C57BL/6.lpr/lpr mice. C57TBL/6.lpr/lpr mice
develop a mild lupus-like disease associated with autoantibody production
but not with glomerulonephritis (Izui et al., 1984).

CR1/2- and C4-deficient lpr/lpr mice exhibited increased lymphadenop-
athy (and splenomegaly in the case of the CR1/2-deficient mice), increased
levels of ANAs and anti—double-stranded DNA autoantibodies, an in-
creased presence of IgG and C3 in the glomeruli, and increased glomerular
hypercellularity compared to the complement-sufficient control animals.
Strikingly, the C3-deficient mice did not show a similar phenotype to the
C4-deficient animals. Apart from a mild increase in the presence of IgG
in the glomeruli of the C3-deficient animals, they were not notably different
from the control animals (Prodeus et al., 1998). These results were attrib-
uted to a break in the maintenance of B cell tolerance in the CR1/2- and
C4-deficient mice, which is discussed in more detail in Section VI,D.

D. CoMPLEMENT DEFICIENCY IN OTHER NONHUMAN SPECIES

Colonies of guinea pigs are widely available with C4, C2, and C3 defi-
ciencies (Bitter-Suermann and Burger, 1986). These animals do not display
any spontaneous glomerulonephritis (Foltz et al., 1994). However, SLE
has not been described in the guinea pig, which seems to be a resistant
species with respect to this disease. C4-deficient guinea pigs were found
to have increased IgM rheumatoid factor levels and an increased polyclonal
antibody response (Bottger et al., 1986a).

The clinical phenotype of C3 deficiency in humans and that of dysregu-
lated C3 consumption, due to deficiency of factor H, have been recapitu-
lated in dogs and pigs with similar inherited deficiencies. A colony of dogs
with C3 deficiency developed an extremely similar pattern of MCGN to
that seen in some humans with C3 deficiency (Cork et al., 1991). Factor
H deficiency was identified among pigs of the Norwegian Yorkshire breed,
which suffered from a runting disease caused by early onset of MCGN
type II (Hogasen et al., 1995; Jansen et al., 1995). An effective breeding
program has eliminated factor H deficiency from the Norwegian pig popu-
lation, and this model of glomerulonephritis is no longer available for study
(Hogasen et al., 1997).

IV. Complement and Inflammation in SLE

Complement activity in sera from patients with SLE is reduced in relation
to disease activity (Lloyd and Schur, 1981; Schur and Sandson, 1968;
Townes et al., 1963) and increases following treatment (Vaughan et al.,
1951). Complement deposition was identified in inflamed tissues (Lach-
mann et al., 1962; Tan and Kunkel, 1966). Levels of the classical pathway
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proteins (Clg, C2, and C4) are particularly reduced (Hanauer and Chris-
tian, 1967; Morse et al., 1962; Schur and Sandson, 1968). C3 levels are
less frequently abnormal, and low C3 levels are a pointer to the presence
of severe disease (Lloyd and Schur, 1981; Weinstein et al., 1983).

However, studies of cohorts of patients with SLE show only weak (albeit
highly significant) correlations between disease activity and reductions in
the levels of individual complement proteins (Cameron et al., 1976; Valen-
tijn et al., 1985). There are at least two important factors that may confuse
the relationship between complement levels in serum and disease activity.
The first is the effect of variation in rates of biosynthesis of complement
proteins. There have been several studies of the turnover in vivo of radiola-
beled complement proteins, from which it is possible to estimate synthetic
and catabolic rates of turnover of individual complement proteins (Alper
and Rosen, 1967; Hunsicker et al., 1972; Sliwinski and Zvaifler, 1972).
Protein concentrations are a function of synthetic and catabolic rates.
Among patients with SLE, increased catabolic rates for complement pro-
teins were observed, but these were accompanied by great variability in
synthetic rates, from reduced to increased. Such variation in synthetic rates
may completely mask the effects of increased catabolism secondary to
disease activity.

The second important factor confounding the value of simple measure-
ments of complement protein concentrations as a measure of disease
activity is the effect of the presence of autoantibodies such as anti-Clq
antibodies to complement proteins, discussed in Section V. As seen below,
high titers of anti-Clq antibodies are commonly associated with profound
reductions in the levels of the classical pathway proteins and C3, and also
with severe disease activity.

The presence of complement deposits in tissues is poorly correlated
with the presence of tissue injury (Biesecker et al., 1981; Gilliam et al., 1974;
Pohle and Tuffanelli, 1968). This raises the key question, Is complement
deposition an important cause of inflammatory tissue injury in SLE?

Evidence from animal models of SLE and glomerulonephritis suggests
that immune complex—mediated injury to tissues is mediated mainly by
ligation of Fc receptors and that complement may play a much lesser
role. For example, Fc—y chain—deficient NZB/NZW mice were protected
from developing severe nephritis, despite the presence of immune com-
plexes in the kidney (Clynes et al., 1998). A reciprocal experiment that sup-
ported this result was the finding in Clq-deficient mice that the develop-
ment of spontaneous glomerulonephritis was independent of C3 activation
(Mitchell et al., 1999).

The Arthus reaction is widely used as an experimental model of inflam-
matory injury mediated by immune complexes. Using this reaction, some
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experiments have suggested primacy of Fc receptor ligation in mediating
tissue injury, while others have shown a clear role for the complement
system. In experiments studying a murine model of the reverse passive
cutaneous Arthus reaction, C37~ and C4™"~ mice developed inflammatory
responses comparable to those seen in wild-type control mice, whereas
the response of Fc—y chain—deficient mice was significantly reduced (Syl-
vestre et al., 1996). By contrast, in similar experiments on the reverse
passive cutaneous Arthus reaction, although complement depletion did
not affect the inflammatory response in wild-type animals, complete aboli-
tion of the response in FeyRIII-deficient animals occurred only following
depletion of complement (Hazenbos et al., 1996).

Furthermore, using similar experimental models, there were very clear
data showing a role for complement in the induction of inflammatory
injury. For example, mice deficient in the C5a anaphylatoxin receptor
showed marked reduction in inflammation in both peritoneal and cutaneous
reverse passive Arthus reactions (Hopken et al., 1997) and were protected
from immune complex—mediated lung inflammation (Bozic et al., 1996). In
addition, both complement activation and activation of FcyRI on peritoneal
macrophages were required to initiate inflammation in a murine model of
immune complex peritonitis (Heller et al., 1999).

These findings show that the mechanism of induction of inflammation
by immune complexes is, in some situations, complement independent, and
in others, complement dependent. They serve to illustrate the complexity of
mechanisms of inflammation in disease mediated by immune complexes.
The size, composition, and location of immune complexes may each modify
whether and how inflammation ensues.

V. Lupus Causes Autoantibody Production to C1q

High titers of autoantibodies to Clq are found in two closely related
conditions. The first is the uncommon disease hypocomplementemic urti-
carial vasculitis syndrome, often abbreviated HUVS. Patients with this
condition, as its name implies, suffer from chronic cutaneous vasculitis
and urticaria and have very low Clq, C4, and C2 levels. Additional clinical
features include glomerulonephritis, chronic obstructive airways disease
of the lungs, angioedema, and ocular inflammation (Wisnieski et al., 1995).
The serological hallmark of HUVS is the presence of high titers of anti-
Clq autoantibodies, first identified as C1q precipitins (Agnello et al., 1971).
The second disease in which anti-C1q antibodies are common is SLE, and
there is a significant overlap between the clinical features of HUVS and
SLE (Trendelenburg et al., 1999).
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Approximately one third of patients with SLE have elevated levels of
anti-Clq autoantibodies in their serum (Antes et al., 1988; Siegert et al.,
1991). The presence of anti-Clq antibodies in lupus is typically accompa-
nied by a number of clinical and serological features. The complement
profile is similar to that seen in HUVS, with very low levels of Clq, C4,
and C2, and, to a lesser extent, C3. Anti-Clq antibodies tend to remain
positive in SLE for prolonged periods, and there is associated prolonged
hypocomplementemia. This differs from anti—double-stranded DNA anti-
body levels, which tend to fluctuate in concentration, together with inverse
changes in complement levels. Many studies have shown that anti-Clq
antibodies are correlated with the presence of glomerulonephritis and that
increases in the titer of anti-Clq antibodies have been associated with
flares of disease activity (Siegert et al., 1993). These autoantibodies are
typically of the IgG, subclass (Prada and Strife, 1992; Wisnieski and Jones,
1992). They react with a neo-epitope in the collagen region of Clq, which
is exposed when Clq is bound to a surface, such as an immune complex,
and dissociated from Clr and Cls (Antes et al., 1988). One of the most
popular assays for the measurement of circulating “immune complexes,”
the solid-phase Clq binding assay, was discovered to be really a measure
of anti-Clq antibodies in the majority of cases. There are two common
approaches now for the specific measurement and quantitation of anti-
Clq antibodies. The first is a variant of the solid-phase C1q binding assay,
in which the addition of 1 M NaCl prevents immune complexes from
binding to immobilized Clq on a microtiter plate but allows the cognate
binding of specific autoantibodies (Siegert et al., 1990). The second method
uses pepsin-digested Clq as the antigenic substrate on a microtiter plate,
which contains the collagenous region of C1q but lacks the globular heads
that might bind immune complexes or Ig aggregates in serum samples to
be assayed (Menzel et al., 1991).

The mechanism of the hypocomplementemia associated with the pres-
ence of anti-Clq antibodies is not certain. Anti-Clq antibodies do not
cause complement activation in the fluid phase when added to fresh serum
samples. The most likely mechanism is that they amplify complement
activation by immune complexes in tissues, by binding to Clq fixed to
immune complexes, enlarging the complexes and promoting further com-
plement activation. This mechanism could also amplify inflammation
caused by immune complexes within tissues, accounting for the association
of anti-Clq antibodies with the presence of glomerulonephritis (Mannik
and Wener, 1997).

The mechanism for the development of anti-C1q autoantibodies in SLE
is not understood. A unifying hypothesis that could explain, on the one
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hand, how Clq deficiency causes SLE and, on the other, how SLE causes
anti-Clq antibodies is presented in Section VI.

Autoantibodies to Clq are also found in a smaller proportion of patients
with rheumatoid arthritis and other autoimmune diseases. Among these
patients, the presence of these antibodies is not associated with hypocom-
plementemia and the significance of this autoantibody in these diseases
is uncertain.

VL. Hypotheses for the Association between Complement Deficiency and SLE
A. INTRODUCTION

Currently, there are three hypotheses to explain the link between com-
plement deficiency and SLE. The first two, which are not mutually exclu-
sive, relate to the role of complement in the physiological “waste disposal”
mechanisms for dying cells and immune complexes. The third relates to
the role of complement in the humoral immune response. We discuss
each of these in turn here. We first consider the links between apoptosis
and SLE, which set the stage for exploration of the hypothesis that failures
in the pathways for clearance of apoptotic cells may predispose an individual
to SLE. We then describe the role of complement in the clearance of
immune complexes and how defects in this pathway might promote disease.
Finally, we describe briefly the role of complement in the induction of
humoral immune responses, reviewed elsewhere in this series (Carroll,
2000), and in the modulation of immune response to autoantigens.

B. Arortosis AND SLE

Research into SLE has been facilitated by discovery that a number of
strains of mice develop spontaneous lupus closely resembling its human
counterpart. Two strains of mice, MRL/lpr (Andrews et al., 1978; Morse
et al., 1982) and C3H/gld (Roths et al., 1984), revealed a close link between
SLE and the apoptotic pathways for physiological cell death. The Ipr
gene was discovered to encode a mutant variant of fas (CD95) protein
(Watanabe-Fukunaga et al., 1992) and gld encoded a mutant fas—ligand
(CD95-ligand) (Lynch et al., 1994). These discoveries provided a satisfy-
ing explanation for the similar phenotype of these two strains of mice.
As part of their phenotype, both mouse strains develop striking poly-
clonal lymphadenopathy with massive expansion of a T cell receptor o/8%,
CD3*CD4~CDS"™ population of lymphocytes. Since ligation of fas triggers
death by apoptosis of lymphocytes, it seems likely that dysfunction of this
pathway is responsible for the accumulation of lymphocytes, leading to
massive lymphadenopathy and splenomegaly. Both MRL/Ipr and gld mice
develop many of the phenotypic features of SLE, including the full spec-
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trum of specificities of ANAs, anti-Clq antibodies, glomerulonephritis,
vasculitis, and arthritis (reviewed in Theofilopoulos and Dixon, 1985). It
is important to note that the lpr and gld genes are not, on their own,
sufficient to induce the expression of disease. C57BL/6 mice expressing
the lpr mutation have a much milder phenotype than do MRL mice
expressing the same mutant (Izui et al., 1984; Kelley and Roths, 1985).
They develop lymphadenopathy, splenomegaly, and moderate levels of
autoantibodies (though very high levels of rheumatoid factor), without
glomerulonephritis or other tissue injury. This shows that other gene prod-
ucts are necessary to modify the phenotype associated with null mutations
in what are apparently critical cell surface proteins in an important signaling
pathway for cell death. Some loci affecting the expression of autoimmunity
in MRL/Ipr mice have been mapped (Vidal et al., 1998; Watson et al., 1992).

Following the discovery of the phenotype and molecular basis of the
MRL/lpr and gld strains of mice, a small cohort of humans has been
described with a similar phenotype to that of mice (Sneller et al., 1992).
This condition is named Canale—Smith syndrome after the authors who
first described the clinical syndrome (Canale and Smith, 1967) or, more
descriptively, autoimmune lymphoproliferative syndrome (ALPS) (Fisher
et al., 1995). Patients typically have early onset of massive lymphadenopathy
and splenomegaly, with an excess of CD3*CD4~CDS" lymphocytes. Three
types of mutations have been identified. The first is a homozygous mutation
in the fas gene, seen in a child with neonatal onset of very severe lymphade-
nopathy and splenomegaly (Rieux-Laucat et al., 1995). The second and
most common mutation is expressed as a dominant disease with very
incomplete penetrance within families. A variety of heterozygous mutations
in the fas gene has been found to cause this syndrome (Fisher et al., 1995).
The third is a single example of a mutation in the fas—ligand gene reported
in a patient with lymphadenopathy and SLE (Wu et al., 1996). The typical
pattern of autoimmunity is more restricted than in mice, typically with the
expression of autoimmune hemolytic anemia, neutropenia, and thrombocy-
topenia (Vaishnaw et al., 1999). The main differences between humans
and mice are, first, that disease is common in patients with heterozygous
mutations, which have a dominant negative effect on signaling following
ligation of fas protein and, second, the extreme variability of expression
of disease among outbred human families, showing the important influence
of modifying genes. In some families, certain individuals with a mutated
fas allele develop lymphoma rather than autoimmunity (Gronbaek et al.,
1998), showing the importance of fas-mediated mechanisms in controlling
lymphocyte growth.

The mechanism for autoimmunity has not been firmly established in
either mice or humans with mutations in fas and lpr genes. The most
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favored hypothesis has been that they have defects in the mechanisms for
negative selection of autoreactive lymphocytes, especially in the periphery
(Fatenejad et al., 1998; Herron et al., 1993), due to failure of the apoptotic
mechanisms in lymphocytes that are part of the process of negative selec-
tion. There is evidence from studies using adoptive transfer of lymphocytes
that the fas pathway defect is necessary in both the T cell and B cell
compartment for full-blown disease to ensue (Sobel et al., 1994).

A feature of ALPS in humans is the presence of hemophagocytosis
with macrophages containing large numbers of phagocytosed blood cells
in the liver and spleen (Le Deist et al., 1996). It is of particular note
that the autoimmune disease in humans with this syndrome is domi-
nated by hemolytic anemia, neutropenia, and thrombocytopenia, each
associated with autoantibodies to the respective cell type. This suggests
the hypothesis that the phagocytosed blood cells may be presented as
autoantigens.

This brings us to the second hypothesis linking apoptosis and SLE: that
apoptotic cells are the source of the autoantigens that drive autoantibody
production in genetically susceptible individuals.

1. Apoptotic Cells as a Source of Autoantigens in SLE

The most striking feature of SLE is the spectrum of autoantibodies to
ubiquitous autoantigens. These may be categorized into three types. The
first are the intracellular autoantigens, typically organized into intracellular
clusters of antigens such as chromatin, the spliceosome complex, and the
Ro/La small cytoplasmic ribonucleoprotein complex. The second are a
series of cell surface antigens, including phospholipids of the cell mem-
brane such as phosphatidylserine. The third category is plasma proteins
such as B, glycoprotein I and Clq. It is generally accepted that it is
the autoantigens themselves that drive the mature autoantibody response.
However, it is not known what antigen triggers the autoimmune process
in the first place. There are three possibilities. It could be the autoantigen
itself, a mimic of the autoantigen (e.g., a viral polynucleotide sequence or
cross-reacting viral or bacterial protein), or a complex of the autoantigen
with a foreign antigen such as a self protein attached to a viral polynucleo-
tide sequence.

There are two striking puzzles about the lupus autoantigens. The first
is that they are ubiquitous and abundant in every cell and every compart-
ment of the body in every individual. It is therefore extremely surprising
that tolerance can break down to these autoantigens, which are the very
essence of “self.” The question that follows is, What are the protective
mechanisms that normally prevent autoreactivity to these autoantigens,
and how do they fail in lupus? The second puzzle is that, of all the many
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thousands of potential intracellular, cell surface, and plasma autoantigens,
it is only a particular spectrum of autoantigens that are targeted in SLE.
The question that follows is, By what mechanism are these, but not oth-
ers, selected?

The answers to these questions are not known, but there are some
good hypotheses. The answer to the question about the nature of the
autoantigens targeted in the disease may provide clues for answering the
first question, about the mechanisms that protect the vast majority of
individuals from the development of SLE.

There is a mounting body of evidence that apoptotic cells are the source
of the autoantigens of lupus. This evidence may be divided into three
categories. The first is that the structure of apoptotic cells is reorganized
such that the lupus autoantigens become superficially accessible to recogni-
tion by antibodies. In a series of morphological studies, Rosen and collabo-
rators have found that apoptotic cells express in surface blebs and apoptotic
bodies many of the nuclear autoantigens of SLE (Casciola-Rosen et al.,
1994; Rosen et al., 1995). The major antigen bound by the antiphospholipid
autoantibodies found in approximately one third of patients with lupus is
phosphatidylserine. This negatively charged phospholipid is found in the
inner lamella of the cell membrane in healthy cells, but is actively translo-
cated to the outer layer as part of the process of apoptosis (Casciola-Rosen
et al., 1996; Fadok et al., 1992b). On apoptotic cells, phosphatidylserine
acts as one of the recognition molecules for the physiological uptake and
disposal of apoptotic cells, which are reviewed below.

The second category of evidence is that many of the lupus autoantigens
undergo posttranslational modification during the process of apoptosis
and may be cleaved or phosphorylated. This process could generate neo-
epitopes of autoantigens, which might appear as “non-self” to the immune
system (Casciola-Rosen et al., 1999; Rosen and Casciola-Rosen, 1999).
However, the putative relevance of the cleavage and posttranslational modi-
fication of autoantigens would be more compelling if there were a demon-
stration that any lupus autoantibodies bound selectively to a neo-epitope
in an antigen modified as part of apoptosis.

Third, there have been many experiments trying to induce or accelerate
the production of lupus autoantibodies using various immunization proto-
cols. The published results have frequently been equivocally positive. Re-
cent experiments have shown that injection of apoptotic cells into mouse
strains not normally susceptible to the development of SLE induces an
autoantibody response (Mevorach et al., 1998b).

The discovery that the source of the autoantigens in SLE may be apop-
totic cells then leads to a possible answer to the second question above,
about the mechanisms that protect against the development of autoimmu-
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nity. Despite the massive turnover of apoptotic cells within the body, it is
very rare to visualize an apoptotic cell within a section of tissue. This is
because there are a large number of complementary mechanisms that
result in the rapid removal and destruction of apoptotic cells by phagocytic
pathways that do not normally lead to inflammation.

One possible pathway that could promote autoimmunity could be a
breakdown of the normal mechanisms of removal of apoptotic cells, which
might then drive an autoantibody response. It is hard to think that autoim-
munity could be caused by a simple increase in the load of autoantigens.
However, if the increased load of apoptotic cells was accompanied also by
inflammatory signals, antigen-presenting cells might present autoantigens
to T cells, in the context of costimulatory signals, and thereby overcome
tolerance to the ubiquitous autoantigens of SLE. In the next section, we
briefly consider the normal pathways for the clearance of apoptotic cells
before turning to a possible role of the complement pathway in this and
related clearance functions.

2. Apoptotic Cell Clearance

Apoptosis, or programmed cell death, is a fundamental process for the
removal of damaged and effete cells during development and the mainte-
nance of homeostasis (Savill, 1997). The apoptotic death process is rapid
and characterized by cell shrinkage, condensation and fragmentation of
the nucleus, cytoplasmic blebbing with maintenance of membrane integ-
rity, and cell fragmentation into discrete apoptotic bodies. Apoptotic cells
are rarely detected in healthy tissues, as they are swiftly subject to receptor-
mediated ingestion by both professional and nonprofessional phagocytes,
followed by intracellular degradation.

The normal processes of clearance of apoptotic cells cause the elimina-
tion of cells in a “silent” manner that causes no tissue injury. This is
extremely important, because many cells (e.g., neutrophils, which have
enormous turnover rates), contain enzymes and other products that could
be very harmful in the absence of protective mechanisms for waste disposal.
Indeed, the process of phagocytosis of apoptotic cells by macrophages
causes the production of anti-inflammatory mediators such as tumor growth
factor B, prostaglandin E,, and interleukin 10 (IL-10) while reducing
proinflammatory mediators such as TNF-c and IL-18 (Fadok et al., 1998;
Voll et al., 1997), ensuring the “safe and quiet” removal of apoptotic
cell debris.

As might be expected, in view of the importance of efficient removal of
apoptotic debris, many receptor—ligand systems play complementary roles
in mediating apoptotic cell clearance in vitro. During the process of apop-
tosis, the cell surface is modified to allow recognition of apoptotic cells by
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phagocyte surface receptors. Translocation of phosphatidylserine to the
outer lipid layer of the plasma membrane, exposure of altered glycosylation
patterns, and the relocation of intracellular molecules to the outer surface
of the dying cell may all serve as mechanisms by which a phagocyte can
recognize an apoptotic cell from its healthy neighbor.

Receptors that have been implicated in the phagocytic removal of apop-
totic cells are the «,3; vitronectin receptor (Savill e al., 1990), the phospha-
tidylserine receptor (Fadok et al., 1992a), CD36 (Ren et al., 1995), CD14
(Devitt et al., 1998), scavenger receptor A (Platt et al., 1996), receptors
for low-density lipoprotein (Bird et al., 1999; Chang et al., 1999; Sambrano
and Steinberg, 1995), and complement receptors 3 and 4 (Mevorach et
al., 1998a). These different receptor—ligand systems may function in con-
junction with one another, but individual types of phagocyte may show
specific receptor—ligand preferences (Fadok et al., 1992a).

3. Immune Response to Apoptotic Cells

There is much interest in the uptake and processing of apoptotic and
necrotic cells by dendritic cells and the subsequent presentation to T cells
of antigens derived from these dead cells. There are three key messages
from the studies of the interactions of apoptotic and necrotic cells with
dendritic cells. The first is that immature dendritic cells avidly take up
both apoptotic and necrotic cells. The second is that the dendritic cells
that have taken up these dead cells then require specific signals in order
to mature to active antigen-presenting cells, characterized by up-regulated
expression of MHC and costimulatory molecules. The third message is
that a number of the specific signals that lead to maturation of dendritic
cells have been identified as proinflammatory cytokines and products of
infectious agents, such as lipopolysaccharide. From these results, it is
possible to speculate how apoptotic cells may, under pathological circum-
stances, drive autoimmune responses. In this section, we describe experi-
ments on the uptake of apoptotic and necrotic cells by dendritic cells. We
also discuss the effects of defects in clearance mechanisms of apoptotic
cells on their uptake by macrophages and dendritic cells, and how the
presence of autoantibodies to apoptotic cells may perturb their fate. Finally,
we speculate how impairment of the mechanisms for the clearance of
dying cells may promote the development of autoimmunity.

Immature dendritic cells have been shown to be able to phagocytose
apoptotic cells via the a,3; vitronectin receptor (Albert et al., 1998a) and
subsequently present apoptotic cell-derived antigens to MHC class I—
and class II-restricted T cells (Albert et al., 1998a,b; Inaba et al., 1998)
in a dose-dependent manner (Rovere et al., 1998). There is a large body
of evidence that suggests that the ingestion of apoptotic cells by immature
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dendritic cells is not sufficient to cause dendritic cell maturation and
effective antigen presentation. Proinflammatory mediators are necessary
to induce the maturation of dendritic cells, especially molecules associated
with infection, such as lipopolysaccharide and pathogen-derived nucleic
acids (Cella et al., 1999). Cytokines produced by the host in response to
infection may also play an important role in driving dendritic cell matura-
tion, such as TNF-« and interferon « (Luft et al., 1998). This requirement
for inflammatory mediators for the maturation of dendritic cells promotes
antigen presentation in the context of inflammation. The corollary of this
is that uptake of antigens by immature dendritic cells in the absence of
inflammation is less likely to promote effective antigen presentation (Gal-
lucci et al., 1999; Sauter et al., 2000). These mechanisms favor immune
responses to infectious agents rather than autoimmune responses.

A number of groups have studied the maturation of dendritic cells that
have taken up apoptotic and necrotic cells. The results of one study showed
that only necrotic tumor cells induced maturation of human dendritic cells
in culture. Neither apoptotic tumor cell lines nor apoptotic or necrotic
cells from primary cultures caused dendritic cell maturation. Soluble super-
natants from the necrotic cells could also induce dendritic cell maturation,
as could monocyte-conditioned medium (Sauter et al., 2000). Similar results
were reported using a comparable murine system (Gallucci et al., 1999).
Another study casts doubt on even the ability of necrotic cells to induce
dendritic cell maturation, as it was found that only necrotic cells from
mycoplasma-infected cultures would stimulate dendritic cell maturation.
Antibiotic treatment of these lines abolished their ability to induce dendritic
cell maturation, even when the cells were rendered necrotic (Salio et
al., 2000).

In this chapter, we develop the hypothesis that abnormalities in the
physiological clearance mechanisms of autoantigens may promote the de-
velopment of autoimmune disease. Are the data on the handling of apop-
totic cells by dendritic cells compatible with this hypothesis?

A delay in the clearance of apoptotic cells by macrophages may increase
the likelihood that apoptotic cell debris could be efficiently captured and
presented by dendritic cells. The existence of such a balance between
macrophage- and dendritic cell-mediated capture of apoptotic tumor cells,
which can influence the outcome of a subsequent immune response, has
been demonstrated in vivo (Ronchetti et al., 1999).

Ronchetti and colleagues immunized mice intraperitoneally with apop-
totic sygeneic tumor cells to protect them from subsequent challenge with
live tumor cells. Immunizing mice with bone marrow—derived macro-
phages and dendritic cells, which had been pulsed with apoptotic tumor
cells, showed that only dendritic cells could induce a protective antitumor
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cytotoxic T lymphocyte. While the apoptotic cells were not as efficient
as nonreplicating live cells at priming an antitumor response, they were
rendered more effective at protecting the mice from live tumor cells by
pretreatment of the animals with carrageenan to reduce phagocytosis by
the peritoneal macrophages. Conversely, enhancement of macrophage
phagocytosis with granulocyte—macrophage colony-stimulating factor
(GM-CSF ) rendered the animals more susceptible to rechallenge with live
tumor cells (Ronchetti et al., 1999).

However, it is clear from the data presented in this section that simply
increasing the uptake of apoptotic cells by dendritic cells cannot be suffi-
cient to drive dendritic cell maturation and autoantigen presentation. Addi-
tional inflammatory signals appear to be required. It has been postulated
that ingestion of high numbers of apoptotic cells by dendritic cells may
be adequate to instigate dendritic cell maturation and the presentation of
antigen derived from apoptotic cells in the absence of additional stimuli
(Rovere et al., 1998). The same scientists also found that autoantibodies
(anti—Bs-glycoprotein I) bound to apoptotic cells caused dendritic cells to
secrete inflammatory cytokines, including IL-18 and TNF-c, that may
have autocrine and paracrine effects, enhancing dendritic cell maturation
(Rovere et al., 1999). In the next section, we discuss the evidence that
complement plays a role in the clearance of apoptotic cells and consider
the hypothesis that complement deficiency may promote autoimmunity
via a pathway involving impairment of the clearance of apoptotic cells.

4. The Role of Complement in the Clearance of Apoptotic Cells

Complement was implicated first in the clearance of apoptotic cells by
the observation by Korb and Ahearn (1997) that C1q could bind specifically
and directly to the surface blebs of apoptotic keratinocytes. This interaction
is thought to be mediated via the globular heads of the Clq molecule
(Navratil et al., 1998). This led to the hypothesis that C1q may promote
the clearance of apoptotic cells, and hence exposed autoantigen, preventing
stimulation of the immune system.

In vitro studies by Mevorach and colleagues (1998a) using complement-
depleted sera and human monocyte-derived macrophages supported a
role for both the classical and alternative pathways of complement in the
phagocytosis of apoptotic cells. Blockade of complement receptors CR3
and CR4 impaired the phagocytosis of apoptotic cells. The presence of
iC3b on the surface of apoptotic cells that had been incubated with se-
rum suggested that the clearance was mediated by interactions between
iC3b and CR3 and/or CR4. Binding of opsonized apoptotic cells to CR3-
transfected CHO cells confirmed that CR3 had the potential to interact
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directly with iC3b-coated apoptotic cells and could hence be an apoptotic
cell clearance receptor (Mevorach et al., 1998a).

To address the relevance of complement in vivo in the phagocytic
removal of apoptotic cells, we studied apoptotic cell clearance in
complement-deficient mice. We established a model of apoptotic cell
phagocytosis during sterile peritonitis. Mice were injected intraperitoneally
with thioglycolate to induce sterile peritonitis and the recruitment of in-
flammatory macrophages. Four days later, the mice were injected intraperi-
toneally with syngeneic apoptotic thymocytes. The phagocytic uptake of
the apoptotic thymocytes by the elicited macrophages was significantly
impaired in both C1q- and C4-deficient mice compared to wild-type control
animals. However, perhaps more significantly, the defect in phagocytosis
was significantly greater in the Clg-deficient animals than in the C4-
deficient mice. Furthermore, when apoptotic cells were injected into the
peritoneum of untreated mice, only the Clg-deficient mice exhibited a
defect in phagocytosis, while C4- and C3-deficient mice showed phagocytic
uptake similar to that of control animals (Taylor et al., 2000). These observa-
tions indicate the existence of a hierarchy within the classical pathway with
regard to the role of the components in the phagocytosis of apoptotic cells,
which recapitulates the hierarchy of disease susceptibility in humans with
complement deficiency.

Hence, one possible explanation of the link between complement defi-
ciency and the predisposition to the development of SLE may be the
degree of impairment of the physiological clearance of apoptotic cells. It
is interesting to note that monocyte-derived macrophages from humans
with SLE also exhibited impaired phagocytosis of apoptotic cells in vitro
(Herrmann et al., 1998). We have observed a similar phagocytic defect in
macrophages derived from the monocytes of Clq-deficient humans cul-
tured in autologous serum (Taylor et al., 2000). This defect was correctable
with purified human Clgq.

All of these data are compatible with the hypothesis that C1q deficiency
causes SLE by impairment of the clearance of apoptotic cells. These in
turn may provide the source of the autoantigens that drive the autoimmune
response of SLE. A reduced ability of macrophages to remove apoptotic
cells at sites of inflammation may tip the balance of clearance of these
cells toward clearance by dendritic cells. As we discussed in Section VI,B,3,
it seems likely that increased uptake of apoptotic cells by dendritic cells is
not sufficient to induce dendritic cell maturation and antigen presentation.
However, if the apoptotic cells are cleared abnormally at sites of inflamma-
tion, the necessary cytokine milieu may drive dendritic cell maturation
and initiate an autoimmune response.
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5. A Hypothesis for the Development of Anti-Clq
Autoantibodies in SLE

The binding of C1q to a major particle driving the autoimmune response
in SLE could provide an explanation for the high frequency of autoantibod-
ies to Clq, found in ~33% of patients with the disease. The autoantibodies
of SLE typically react with several components of a normal physiological
complex (e.g., anti—double-stranded DNA and antihistones in nucleo-
somes, or anti-Ro and anti-La in a small cytoplasmic RNP complex) (Har-
din, 1986). Antiphospholipid antibodies are frequently found to be associ-
ated with antibodies to phospholipid-binding proteins, including annexin
V (Hirata et al., 1981), which binds to apoptotic but not normal cell surfaces
and Bs-glycoprotein I (Galli et al., 1990; McNeil et al., 1990).

By analogy, it seems likely that anti-Clq antibodies develop as part of
an autoantibody response to C1q complexed with other lupus autoantigens,
which could be apoptotic cells or immune complexes. It is then an interest-
ing question whether autoantibodies to Clq or to proteins such as ;-
glycoprotein I might then enhance the expression of SLE by further inter-
fering with autoantigen processing.

C. Tae RoLE oF COMPLEMENT IN CLEARANCE OF IMMUNE COMPLEXES

Fcy receptors and complement mediate the normal processing of im-
mune complexes. The interaction of complement with immune complexes
was first characterized in the 1940s by Heidelberger (1941), who observed
increased “particulation” of immune complexes, formed in solution in the
absence of complement. Subsequent work has shown that the role of
complement in the processing of immune complexes can be divided into
two main activities. The first of these is modification of the lattice structure
of immune complexes, maintaining immune complex solubility; the second
is promotion of the recognition and capture of immune complexes by Fcy
and complement receptors on cells of the mononuclear phagocytic system.

There are several potential final destinations for immune complexes.
The first of these destinations reflects the role of antibody in promoting
the clearance and killing of pathogens, that is, uptake by a macrophage
leading to clearance and catabolism of the immune complex. The second
fate reflects another key role of immune complexes in the adaptive immune
response, that is, the promotion of immune responses by targeting antigens
to B lymphocytes, other antigen-presenting cells, and cells that both present
and store antigen, such as follicular dendritic cells within germinal centers.
In the absence of complement, the clearance of immune complexes is
abnormal and the enhancing activities of immune complexes in adaptive
immune responses are muted.
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Complement prevents immune complex precipitation at successive steps
during complement activation. First, the C1 complex has been shown to
delay immune complex precipitation in a dose-dependent manner (Schif-
ferli et al., 1985), an effect that is probably transient, as C1 inhibitor
rapidly degrades the complex, leaving just Clq, which is known to promote
immune complex precipitation (Muller-Eberhard and Kunkel, 1961). After
the initial stages of immune complex formation, classical pathway activation
causes the deposition of C4b and C3b. Deposition of C3b on the heavy
chain of IgG interferes with Fc—Fc interactions (Hong et al., 1984), which
have been shown to promote the aggregation of immune complexes (Mol-
ler, 1979). Deposition of C3 on the antigen also blocks sites of antigen—
antibody interaction, reducing the effective valency of antigen and antibody
(Lachmann and Walport, 1987). The demonstration that sera deficient in
C3, C4, or C2 could not prevent immune complex precipitation showed
that classical pathway C3b deposition was essential for this process (Schif-
ferli and Peters, 1982; Schifferli et al., 1985). Amplification of C3b deposi-
tion by the alternative pathway amplification loop may assist this process;
however, the contribution of the alternative pathway to the prevention of
immune complex precipitation is much less significant than that of the
classical pathway (Schifferli et al., 1982). The alternative pathway can
solubilize immune complex precipitates, but this is a very inefficient process
compared to the prevention of precipitation in the first place (Miller and
Nussenzweig, 1975). Solubilization of immune complexes is accompanied
by significant complement activation and the generation of substantial
quantities of the anaphylatoxins and membrane attack complex formation.

Complement activity thus maintains immune complexes in a soluble
form, which can be carried in the circulation away from the site of forma-
tion. In the circulation, there are transport mechanisms for immune com-
plexes that promote their safe delivery to the mononuclear phagocytic
system of liver, spleen, and bone marrow. CR1 on erythrocytes is predomi-
nantly responsible for the binding of C3b-bearing immune complexes in
the circulation of primates. CR1 on the surface of erythrocytes is clustered
and this enhances the avidity of binding of immune complexes to these
cells (Paccaud et al., 1988).

Immune complex clearance from the circulation of patients with SLE
is abnormal, and there is evidence for defects of both complement- and
Fc-dependent clearance mechanisms for immune complexes. Two types
of in vivo studies have been performed in humans and nonhuman primates.
The first type of study was of the clearance of IgG- and C3-coated erythro-
cytes; these were used as models for the study of the mechanisms of
hemolytic anemia. IgG-coated erythrocytes were cleared mainly by the
spleen (Franket al., 1983). Of particular interest, patients with SLE showed
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delayed clearance of IgG-coated erythrocytes, which was interpreted to
show defects in Fc receptor—mediated activity associated with SLE. By
contrast, erythrocytes coated with C3 in vitro, using IgM cold agglutinin
antibodies as a sensitizing reagent for complement activation, were not
cleared permanently from the circulation (Atkinson and Frank, 1974).
These cells were removed transiently from the circulation in the liver,
thought to be by interaction of C3b and iC3b with complement receptors
on Kupffer cells. After a short delay in the liver, during which it is thought
that the iC3b on the erythrocytes was catabolized to C3dg, erythrocytes
were released back into the circulation with a normal life span, bearing
C3dg fragments for which no clearance receptor exists. There was no
abnormality of clearance of these cells in patients with SLE.

By contrast with these immune complexes containing erythrocytes as
antigen, soluble immune complexes showed different patterns of clearance
in vivo in both humans (Davies et al., 1992, 1993; Lobatto et al., 1988;
Schifferli et al., 1989) and nonhuman primates (Cornacoff et al., 1983;
Waxman et al., 1984). Large, soluble complement-fixing immune com-
plexes bound to erythrocytes during their transit through the circulation
and were cleared in the liver and spleen. In the presence of complement
deficiency, both inherited and acquired, these immune complexes showed
absent or diminished binding to erythrocytes. They showed reduced splenic
clearance and disappeared from the circulation rapidly in the liver (Schif-
ferliet al., 1989). However, in patients with SLE or complement deficiency,
the immune complexes were retained less effectively in the liver and a
proportion were released back into the circulation, with the potential to
be deposited in many organs throughout the body (Davies et al., 1992,
1993; Schifferli et al., 1989). These results suggest that the efficient removal
of soluble immune complexes by the liver requires ligation of both comple-
ment and Fc receptors on Kupffer cells.

In the absence of efficient complement fixation, immune complexes may
escape efficient clearance, deposit in tissues, and cause tissue injury via
ligation of Fc receptors on neutrophils and other leukocytes. The resulting
tissue injury may cause the release of autoantigens in an inflammatory
milieu and augment the lupus autoimmune response.

D. Tue RoLE oF COMPLEMENT IN THE HUMORAL IMMUNE RESPONSE

Pepys (1974) first showed a link between the complement system and
antibody responses. He depleted mice of C3 using cobra venom factor
and found that the antibody response to T cell-dependent antigens was
suppressed, as was the generation of B cell memory in germinal centers
(Papamichail et al., 1975). However, the use of cobra venom factor only
allows transient depletion of C3. The identification of animals and patients
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genetically deficient in complement offered further opportunities to investi-
gate the role of the complement system in the induction of humoral
immune response. Guinea pigs genetically deficient of C2, C4, and C3
were investigated for their ability to mount an antibody response to bacte-
riophage ¢X174, an experimental thymus-dependent immunogen. When
only limited amounts of antigen were used for immunization, all three
types of complement-deficient animals showed markedly impaired anti-
body formation. This reduced antibody response was strictly dose depen-
dent; when the antigen dose was increased, the immune response returned
to normal (Bottger et al., 1986b).

A similar role for the classical pathway complement in enhancing anti-
body responses has also been shown in mice genetically deficient in C3,
C4 (Fischer et al., 1996), and Clq (Cutler et al., 1998). Comparison of
the primary and secondary immune responses of these mice with wild-
type controls following challenge with T cell-dependent antigens (bacte-
riophage ¢X174, sheep erythrocytes, or keyhole limpet hemocycianin-
dinitrophenyl [KLH-DNP]) demonstrated that while their T cell response
was normal, their B cell response was impaired. Splenic B cells of the
complement (Clg-, C3-, and C4-)—deficient mice responded normally in
proliferation assays in vitro following cross-linking of the B cell antigen
receptor or CD40 and in response to stimulation with lipopolysaccharide.
These results show that the B cells showed normal responses to pathways
of stimulation independent of the complement system.

The obverse of these experiments showing defective antibody responses
in the absence of complement is the study of Dempsey and colleagues
(1996), who demonstrated that oligomers of C3dg coupled to antigen may
act as an adjuvant, markedly enhancing antibody response and lowering
the threshold of B cells for activation by ligation of the antigen receptor.

A similar phenotype to that of mice deficient in C3 and C4 was seen in
mice deficient in CD21 and CD35 (Cr27") (Ahearn et al., 1996; Molina
et al., 1996), confirming the critical role of the complement system in
enhancing antibody responses.

Can the results obtained in experimental animal models be extrapolated
to humans with complement deficiency? A C4-deficient patient showed
an impaired humoral immune response to bacteriophage ¢$X174 and failed
to class switch the antibody response (Jackson et al., 1979). However,
antibody responses to rubella, Epstein—Barr virus, and tetanus toxoid were
normal in another C4-deficient individual (Mascart-Lemone et al., 1983).
This discrepancy could be attributed to the antigen dose dependency that
was observed in guinea pigs, described above. A patient with C3 deficiency
was shown to have a reduced primary immune response to hemocyanin
(Roord et al., 1983). However, the same subject showed normal titers of
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antibody following secondary immunization with tetanus, diphtheria, and
pertussis vaccine (Roord et al., 1983). Two C3-deficient patients who
developed normal titers of primary and secondary antibody after immuniza-
tion with ¢X174 failed to switch the antibody response from IgM to IgG,
a result similar to that seen in complement-deficient animals (Ochs et al.,
1986). The majority of C3 patients have had total IgG levels within the
normal range. However, it has been reported that patients with deficiency
in the classical pathway proteins have reduced levels of IgG, and, to a
lesser extent, IgG, (Bird and Lachmann, 1988).

From these observations, it is clear that the complement system plays
an important role in the generation of humoral responses to low doses of
antigens. Two mechanisms to explain the increase in immunogenicity have
been proposed. First, opsonization of the antigen by complement enhances
the targeting of antigen to follicular dendritic cells, which express CD35
(CR1) and CD21 (CR2), leading to more efficient antigen presentation to
B cells and germinal center formation (Klaus et al., 1980; Papamichail et
al., 1975). Second, the binding of cognate antigen carrying complement
(in the form of an immune complex) to B cells lowers the threshold of
activation of the cell by co-ligation of CD21 and the B cell IgM antigen
receptor (Fearon and Carter, 1995).

However, these findings do not lead to a good hypothesis to explain how
complement deficiency is associated with SLE. In summary, they show
that a normal physiological activity of complement is to lower the threshold
of activation of B cells and promote B cell memory. In the absence of
complement, antibody formation is impaired and this should ameliorate,
rather than promote, autoimmunity.

Another approach to the study of the role of complement in self-tolerance
is the use of transgenic models of self-tolerance. Using such models, the
expression of a transgenic autoantibody, either to a natural autoantigen or
to a transgenically expressed “pseudo-autoantigen” can be examined in
the context of other mutations. Prodeus and colleagues (1998) used such
a system, comprising soluble hen egg lysosyme (sHEL) as autoantigen and
anti-HEL as autoantibody, studied in the presence and absence of C4,
C3, or CD21/CD35. They found evidence that “self-tolerance™ to the
sHEL was depressed in the presence of C4 or CD21/CD35 deficiency but
not in the presence of C3 deficiency. They argued that this showed a role
for complement in self-tolerance and proposed that deficiency of this
activity may promote SLE. However, we interbred Clq-deficient mice
with the same transgenic model and found no defect in self-tolerance to
the pseudo-autoantigen, sHEL in the absence of Clq (Cutler et al., 1999).
sHEL does not represent a typical autoantigen of SLE, as a soluble secreted
protein. It will be of interest to study the expression of a more representative
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transgenic autoantibody, such as an anti-Sm or anti-DNA autoantibody in
the context of complement deficiency.

VII. What Lessons Can Be Learned from Other Murine Models of Autoimmunity?

The existence of other models of murine SLE generated by both gene-
targeting and natural mutations has given substantial insight into different
mechanisms by which self-tolerance is broken, resulting in the spontaneous
development of an SLE-like phenotype. These mechanisms can be divided
into at least three different categories, each of which may require a mixture
of genetic and environmental factors for full expression. The first of these
is defects in the clearance of autoantigen, on which this review has focused.
The second is abnormalities in the regulation and thresholds of B and T
cell activation. The third category are the determinants, as yet unidentified,
which cause susceptibility to particular patterns of organ injury (e.g., glo-
merulonephritis). SLE is a syndrome in mice and humans in which a series
of different predisposing genes and environmental stimuli end in a final
common pathway of autoantibody production and tissue injury.

Additional support for the hypothesis that defects in autoantigen clear-
ance may stimulate the development of SLE comes from two further
transgenic models of disease, mice with targeted deletions in serum amyloid
P component (SAP) and those with isolated IgM deficiency. An in vivo
demonstration linking spontaneous autoimmunity and the failure of the
physiological clearance of chromatin was shown in mice deficient in SAP
(Bickerstaff et al., 1999). SAP is known to be able to bind to chromatin
and displace H1-type histones, aiding in chromatin solubilization (Butler
et al., 1990). SAP has also been shown to bind in vivo to the surface of
apoptotic cells and to nuclear debris released during cell necrosis (Hintner
et al., 1988). Mice deficient in SAP spontaneously developed high levels
of autoantibodies against chromatin, histones, and DNA and also developed
glomerulonephritis.

Mice have been developed with a targeted deletion of part of the secretory
w tailpiece, which prevents the secretion of IgM, though allowing the produc-
tion of normal IgG levels (Boes et al., 1998; Ehrenstein et al., 1998). These
mice are an important model to explore the physiological role of secreted
IgM in vivo. When crossed with the spontaneous autoimmune mouse strain,
MRL/Ipr, the progeny developed a higher frequency of ANAs and glomeru-
lonephritis than in the parental strain (Boes et al., 2000). Mice lacking
secreted IgM expression alone developed higher titers of anti—double-
stranded DNA antibodies (Ehrenstein et al., 2000). The investigators spec-
ulated that the development of autoimmunity in these mice was compatible
with a role for natural autoreactive IgM in the clearance of autoantigens.



298 PICKERING et al.

A series of mouse strains illustrate that particular mutations that affect
thresholds for activation of B and T cells may cause the development
of SLE. An autoimmune phenotype was reported in mice with genetic
deficiency of CD22 (O’Keefe et al., 1996, 1999), Lyn (Hibbs et al., 1995),
and SHP-1 (Shultz et al., 1993; Tsui et al., 1993). Of particular interest
was a study showing that a combination of heterozygous deficiencies of
CD22, Lyn, and SHP-1 behaved as a complex quantitative trait, causing
in combination a reduction in B cell threshold for activation by a transgenic
autoantigen (Cornall et al., 1998). In addition, a break in self-tolerance
has been observed in mice with defects in cell cycle regulation (Balomenos
et al., 2000) and in genes involved in Fas-mediated cell death (Di Cristofano
et al., 1999).

VIII. Conclusions

The evidence is overwhelming that deficiency of classical pathway com-
plement proteins causes the development of SLE in humans and transgenic
mice. The most important complement proteins for protection against SLE
are Clq, Clr and Cls, and C4. It is an important challenge to understand
the mechanism of this protective effect.

Complement plays a key role in the clearance of immune complexes.
Recent evidence supports a role for complement in the clearance of apop-
totic cells. These data support the hypothesis that complement deficiency
causes lupus by the impairment of physiological disposal of autoantigens,
and apoptotic cells may be an important source of the autoantigens that
drive the characteristic spectrum of autoantibodies found in SLE.

The events needed to break tolerance to ubiquitous autoantigens in SLE
must be more than a simple increase in autoantigen levels. It seems likely
that there must be concomitant proinflammatory signals that induce den-
dritic cells to provide the necessary costimulatory signals to drive T cell
responses, which in turn provide the necessary help to B cells to produce
an autoantibody response. There is good evidence, at least in murine
models of disease, that genetic abnormalities modifying lymphocyte activa-
tion thresholds may increase disease susceptibility.

One of the major paradoxes in the relationships between the complement
system and SLE is that C1q deficiency causes SLE, yet SLE causes autoan-
tibodies to Clq in approximately one third of patients. This paradox might
be explained if C1q binds to lupus autoantigens and promotes their physio-
logical clearance. An absence of Clq could then modify the clearance
pathways of autoantigens and trigger an autoimmune response. On the
other hand, complex formation between Clq and autoantigens might ex-
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plain the prominent autoantibody response to Clq seen in patients with
SLE, who are not Clq deficient.

It is clear that the traditional view of the role of complement in SLE
needs revision. Complement activation in SLE has been viewed as a major
cause of tissue injury. Instead, evidence is emerging that complement may
play a protective role rather than an exclusively proinflammatory role in
tissue injury. There is much work still to be done in order to understand
fully the immunobiology of complement in relation to SLE.
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