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Membrane Protein Crry Maintains Homeostasis of the
Complement System'

Xiaobo Wu, Dirk Spitzer, Dailing Mao, Stanford L. Peng,2 Hector Molina,
and John P. Atkinson®

Complement activation is tightly regulated to avoid excessive inflammatory and immune responses. Crry ™'~ is an embryonic lethal
phenotype secondary to the maternal complement alternative pathway (AP) attacking a placenta deficient in this inhibitor. In this
study, we demonstrate that Crry™~ mice could be rescued on a partial as well as on a complete factor B (fB)- or C3-deficient
maternal background. The C3 and fB protein concentrations in Crry™'~C3*'~ and Crry~'~fB™’'~ mice were substantially reduced
for gene dosage secondary to enhanced AP turnover. Based on these observations, a breeding strategy featuring reduced maternal
AP-activating capacity rescued the lethal phenotype. It led to a novel, stable line of Crry SKO mice carrying normal alleles for C3
and fB. Crry SKO mice also had accelerated C3 and fB turnover and therefore reduced AP- activating potential. These instructive
results represent an example of a membrane regulatory protein being responsible for homeostasis of the complement system. They
imply that there is constant turnover on cells of the AP pathway which functions as an immune surveillance system for pathogens

and altered self. The Journal of Immunology, 2008, 181: 2732-2740.

he complement system is an integral part of the innate

immune and inflammatory response to microbes. The al-

ternative pathway (AP)* is an ancient activation mecha-
nism (1). The complement cascade is tightly controlled via
membrane-bound and fluid-phase regulatory proteins (2). Disas-
sociation of the C3 and C5 convertases (decay-accelerating activ-
ity (DAA)) and cleavage of C4b and C3b by the plasma protease
factor I (fI) in the presence of a cofactor protein (cofactor activity
(CA)) are two means to inhibit the activation process (3, 4). He-
molytic uremic syndrome (HUS) and age-related macular degen-
eration are informative examples in which dysfunction of comple-
ment regulators plays a key role in mediating tissue injury via the
AP (5-8). In these diseases, mutations and polymorphisms of
complement inhibitors allow for excessive activation for a given
degree of injury, resulting in tissue damage in the renal microvas-
culature and retina (9).

Spontaneous, continuous, low-grade activation of complement
occurs through a process termed “C3-tickover,” which involves
cleavage (hydrolysis) of the unstable thioester bond in C3 (10).
The activated C3 can now bind factor B (fB) to trigger the AP (11).

Department of Medicine, Division of Rheumatology, Washington University School
of Medicine, St. Louis, MO 63110

Received for publication February 27, 2008. Accepted for publication June 4, 2008.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! This work was supported by National Institutes of Health Grants R01-AI037618 and
RO1-AI041592.

2 Current address: Clinical Research and Exploratory Development, Roche-Palo Alto,
Palo Alto, CA 94304.

3 Address correspondence and reprint requests to Dr. John P. Atkinson, Washington
University, 660 South Euclid Avenue, Campus Box 8045, St. Louis, MO 63110.
E-mail address: jatkinso@im.wustl.edu

+ Abbreviations used in this paper: AP, alternative pathway; DAA, decay-accelerating
activity; CA, cofactor activity; HUS, hemolytic uremic syndrome; fB, factor B; fH,
factor H; fI, factor I; MCP, murine cofactor protein; WT, wild type; ZP, zymosan
particle; GVBS, gelatin-veronal-buffered saline; CVF, cobra venom factor; DAF, de-
cay-accelerating factor; MPGN II, membranoproliferative glomerulonephritis type I1.

Copyright © 2008 by The American Association of Immunologists, Inc. 0022-1767/08/$2.00

www.jimmunol.org

Specifically, factor D cleaves the zymosan fB in the complex to
generate the C3 convertase of the AP, which may be stabilized by
properdin. Recent evidence points to the classical pathway as also
having a tickover process (12). This complement turnover in blood
may facilitate the system’s response to foreign Ags. In this man-
ner, the complement system functions as a sonar or radar system
by continuously providing activated C3. Interactions in the fluid
phase (no target) and with normal self (wrong target) are held in
check by inhibitors while amplification takes place on foreign par-
ticles. Such a nontargeted turnover and sensing mechanism, cou-
pled to an amplification loop, must be rigorously controlled to
avoid undesirable tissue damage and to maintain physiologic lev-
els of complement components for host defense.

A failure to adequately regulate complement activation is asso-
ciated with several types of glomerulonephritis (13). Complete fac-
tor H (fH) deficiency allows the AP C3 convertase (C3bBb) to go
unchecked, consuming in the fluid phase C3 and fB. In humans,
pigs, and mice deficient in fH (14, 15), <5% of the normal con-
centration of C3 is found in blood due to this accelerated turnover
of the AP (16). The complement fragments generated by the ex-
cessive consumption lead to membranoproliferative glomerulone-
phritis type II (MPGN II) with renal failure and death at an early
age in pigs and man (before dialysis) and a similar, albeit milder
pathologic phenotype in older mice. A similar degree of C3 con-
sumption occurs in fI deficiency, although the renal pathologic
changes are distinct from that observed in fH deficiency as MPGN
II has not been reported (17, 18). Also, recent studies using fI-
deficient mice demonstrate that uncontrolled AP activation results
in decreased C3, fB, and fH in the serum, but C3 deposition along
the glomerular basement membrane or MPGN II was not observed
in fI-deficient mice (19). Another example featuring glomerulone-
phritis involves C3 nephritic factor, an autoantibody that stabilizes
the AP C3 convertase. Its presence often leads to gain of function
and accelerated C3 and fB consumption (20). These data point to
the necessity of control of the AP in plasma by cofactor activity.

In contrast to plasma proteins fH and fI, there is little evidence
to suggest that membrane-bound complement regulatory proteins
control C3 turnover. Normal C3 blood levels are present in
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DAF '~ mice (21, 22) and in humans with a deficiency of decay-
accelerating factor (DAF) on hematopoietic cells in paroxysmal
nocturnal hemoglobinuria (23). Atypical HUS patients with CD46
mutations usually have normal C3 levels; however, most of these
individuals are haploinsufficient (6, 24).

Crry (CR1-related gene/protein Y), a membrane-bound comple-
ment regulator (25), is only known to be present in rodents,
namely, the mouse and rat. Mouse Crry is generally considered
though to be the murine counterpart of human membrane cofactor
protein (MCP; CD46). CD46 has wide tissue distribution in hu-
mans and other mammals, but its expression is restricted to male
germ cells in the mouse and rat. CD46 and Crry are cofactors for
the fI-mediated cleavage of C3b and C4b. In these rodents, Crry is
the only ubiquitously expressed regulator with cofactor activity
(26). As illustrated by this Crry and MCP comparison, comple-
ment regulation by CA is conserved across species. In contrast to
MCP, Crry also possesses DAA for the classical pathway but weak
DAA for the AP C3 convertase (27, 28). The relative importance
of its DAA vs that of the two mouse DAF proteins (DAF-1 and
DAF-2) in protecting host tissue is unclear (29, 30). DAF-1 en-
codes a protein with wide tissue expression while DAF-2’s ex-
pression is limited to germ cells. These two forms of mouse DAF
and human DAF possess DAA for both the classical and AP C3
convertases (31). These expression patterns, taken together with
the lessons learned from deficiency states, indicate that CA and
DAA are required to maintain homeostasis of the complement
system.

The importance of Crry in controlling complement activation is
highlighted by the embryonic lethal phenotype of Crry™’~ (32).
Although no developmental defect was observed, the null embryo
died at ~7.5 days due to placental destruction mediated by the
maternal complement system. In addition, mouse DAF is absent in
the early stage (as late as day 10.5) of the developing mouse pla-
centa. Consequently, Crry is the only membrane-bound C3 regu-
lator in the early embryonic stage (33). The lethal phenotype of
Crry~’~ mice is rescued by complete C3 or fB deficiency, but not
by a deficiency of C4, indicating that embryonic death is triggered
by the AP (33). This is an informative model system to study
fetomaternal tolerance and immune-mediated embryo destruction;
however, analysis of disease models featuring complement activa-
tion in other tissues has not been possible because of concomitant
C3 or fB deficiency. A critical role for Crry is also supported by
the rapid complement-dependent clearance of Crry ’~ RBCs in-
jected into wild-type (WT) mice and by complement activation
fragments depositing on Crry null kidneys transplanted into WT
mice leading to an inflammatory response, interstitial fibrosis, and,
eventually, renal failure (34-36).

To further study Crry function in vivo, we generated Crry™’~
and Crry~’~ on a C3 or fB heterozygous background. In these
mice, there was enhanced turnover of the AP, leading to reduced
C3 and fB concentrations. Using a breeding program featuring a
partial deficiency of C3 or fB on the maternal side allowed for
survival of Crry null embryos. This strategy led to the generation
of a stable strain of mice lacking only the Crry gene, the Crry
single knockout mice (Crry SKO). Accelerated AP-mediated C3
tickover is present in these Crry SKO mice. These results further
establish a role for a membrane inhibitor in maintaining homeosta-
sis of the AP of complement activation.

Materials and Methods
Mice
129Sv/] X C57BL/6 Crry*’~ mice were generated by a standard gene-

targeting strategy (32). Mixed background Crry™’~ mice were backcrossed
into C57BL/6 WT mice for nine generations. C57BL/6 Crry*’~ mice were
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used for the experiments described here. Crry™'"fB~'~ and Crry™'~C37/~
mice were on the 129Sv/J X C57BL/6 background and were generated by
mating Crry™ " fB~'~ or Crry*’~C37/~, respectively (33). To assess the
role of APin C3 turnoverin Crry '~ C3™~ mice, Crry™'"fB~'~and Crry '~
C37'~ were crossed to generate F, Crry™/"fB™/~C3™/~ mice. These F,
mice were then intercrossed to produce mice with Crry™’"fB~'~C3"~ and
Crry™""fB*'~C3%'~ genotypes. fB~/~ and C3~/~ mice were on the
C57BL/6 background (37, 38).

The following primers were used to determine the genotypes of Crry, fB,
and C3: for Crry; mCrry 16 TTGAGTTCAATGCACTGAGGAGG, EcoRI
16F CGCAGAATTCAATCTCTTTTCTTTGCC and S46Neo GCTACC
CGTGATATTGCTGAAGAG:; for /B, fB-FI CCGAAGCATTCCTATCC
TCC, fB-R1 GTAGTCTTGTCTGCTTTCTCC and fB-Neo CGAATGGGT
GACCGCTTCC (39); and for C3; V787 C3 GATCCCCAGAGCTAATG,
V789 C3 AGGGACCAGCCCAGGTTCAG, and V788 Neo TCGTCCTGC
AGTTCATTCAG (40). Mice were housed and maintained in a pathogen-
free environment. All animal experiments were conducted under approved
protocols of the Animal Studies Committee of Washington University
School of Medicine (St. Louis, MO).

AP assay

Zymosan particles (ZP) were used to activate the AP (28). Briefly, a boiled
ZP suspension was washed twice with gelatin-veronal-buffered saline
(GVBS). EGTA (10 mM) along with MgCl, (2 mM) was added to GVBS
to block the classical and lectin pathways. Fresh sera at dilutions indicated
and ZP (both in GVBS) were mixed and incubated at 37°C for 30 min.
After three washes, ZP were stained with FITC-conjugated polyclonal anti-
mouse C3 Ab (Valeant Pharmaceuticals) and analyzed by FACScan (BD
Biosciences).

Cobra venom factor (CVF)-based C3 cleavage assay

For this assay, mouse serum (10 wl), GVBS, and CVF (final concentration
of 33 wg/ml; Quidel) were incubated at 37°C for 30 min. Resulting cleaved
products were analyzed by SDS-PAGE and Western blot.

Western blotting

Fresh serum or EDTA-treated plasma (diluted 1/100) was used to assess
C3, fB, and fH by Western blot. Total liver lysates were used to charac-
terize the C3 protein precursor by Western blot. Reduced (sera and plasma)
or nonreduced (liver lysates) samples were subjected to 10% SDS-PAGE
and then blotted on nitrocellulose. The membranes were blocked overnight
with 5% nonfat dried milk. Goat anti-mouse C3 (1/10,000 dilution; Valeant
Pharmaceuticals), goat anti-human fB or fH Ab (both at a 1/5,000 dilution;
Advanced Research Technologies) were incubated with the membranes for
1.5 h at room temperature. After three washes with TBS (Tris-NaCl) con-
taining 0.05% Tween 20, secondary HRP-conjugated rabbit anti-goat IgG
(Southern Biotechnology Associates) was added for 1 h at 37°C. After
three washes with TBS-Tween 20, membranes were developed with a
SuperSignal West Kit (Pierce).

RT-PCR

Liver tissues were homogenized by passage through a 40-um cell strainer.
A RNeasy Mini Kit (Qiagen) was used to extract total RNA. First-strand
cDNA was synthesized using 1 ug of total RNA with oligo(dT) primers
and SuperScript II reverse transcriptase (Invitrogen). C3 mRNA levels
were detected using C3-specific primers (C3F301 GATTCCAGCCAG
TAAGGAATTC and C3R708 CTCTGCGGAGAAGATCTGCTTC).

C3 ELISA

Goat anti-mouse C3 Ab was used to coat the ELISA plates (Immunol).
After washing, they were blocked with PBS containing 1% BSA and 0.1%
Tween 20 for 2 h at room temperature. Fresh sera (usually diluted 1/4000)
were added for at least 2 h at room temperature. After washing, the plates
were incubated with HRP-conjugated goat anti-mouse C3 Ab for 1.5 h at
room temperature. Substrate reaction was developed by tetramethylbenzi-
dine and the OD was assessed at 630 nm. WT and C3~/~ sera served as
controls.

Immunohistochemistry

Kidneys were fixed with formalin and routine H&E staining was performed
(33). For monitoring C3 deposition in the kidneys, fixed tissue sections
were incubated with 5% goat serum before using a primary FITC-conju-
gated anti-mouse C3 Ab (41).
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Table 1. Genotypic analysis of Crry™~ and Crry™'~ mice mating with fB- or C3-deficient in paternal or maternal breeding partners®

Male X Female Crry* B~ Crry™ /" fB™'* Crry™'"fB*/~ Crry™ " fB~/~ Total
A: Crry™" fB™* X Crry”"B™” 80 (51%, 50%) NA 76 (49%, 50%) NA 156
B: Crry”""fB~'~ X Crry*’ " fB*'* 72 (99%, 50%) NA 1 (1%, 50%) NA 73
C: Crry™~fB*'* X Crry™""fB*/~ 33 (25%, 25%) 38 (29%,25%) 28 (21%, 25%) NA 131
D: Crry” " fB™~ X Crry™ " fB'* 33 (58%, 25%) 0 (0%, 25%) 1 (1.7%, 25%) NA 57
E: Crry”fB™~ X Crry /" fB™'~ NA 50 (26%, 25%) 103 (53%, 50%) 40 (21%, 25%) 193
F: Crry*’"fB*'~ X Crry*'~fB*'~ 79 (32%, 25%) 6 (2.4%, 6.25%) 12 (4.9%, 12.5%) 3 (1.2%, 6.25%) 243

Crry™'=C3%'~ Crry™/=C3%/* Crry™/~C3%'~ Crry™'~C37/~
G: Crry €3 X Cry /€3 44 (22%,25%) 54 (28%, 25%) 47 (24%, 25%) NA 194
H: Crry/~C3%~ X Crry™/~C3™7~ NA 10 (17 %, 25%) 36 (62%, 50%) 12 (21%, 25%) 58
L Crry*’=C3%7~ X Crry™~C3" 50 (30%, 25%) 0 (0%, 6.25%) 1(0.5%, 12.5%) 0 (0%, 6.25%) 169
Crry+/—C3+/+fB+/+ Crry—/—C3+/+fB+/+

I: Criy™ BT C3T X Crry™ BT C3T 37 (43%, 50%) 49 (57%, 50%) 86
K: Crry” " fB™*C3%"* X Criyt' BT C3 31 (100%, 50%) 0 (0%, 50%) 31

“The first number in parentheses represents the experimentally obtained percent. The second number represents the expected ratio. NA indicates that this genotype is not
possible from this breeding combination. Crry SKO mice labeled as Crry™/ fB™*C3™", Crry™/~C3™", or Crry™'~ fB*™'" are highlighted in bold.

In vivo delivery of RBC-targeted mouse Crry

HEK 293T cells (ATCC CRL-11268) were used to generate secreted Crry
forms. They were maintained in 10% FCS/DMEM with supplements of
L-glutamine, nonessential amino acids, and penicillin/streptomycin. Trans-
fections were conducted with the TransIT-293 reagent according to the
manufacturer’s instructions (Mirus). For protein synthesis, the medium was
replaced with fresh FCS-free DMEM 24 h posttransfection and the super-
natants were harvested at 48—72 h. To obtain concentrated protein stocks,
the FCS-free supernatants were applied to centrifugal filter devices with a
10-kDa cutoff (Millipore).

For the in vivo delivery of RBC-targeted mouse Crry, mice were in-
jected i.v. with up to 300 ul of filtered (0.2 wM) concentrated culture
supernatant. Blood samples (2 ul) from WT control and test animals were
collected by tail clipping. FACS was performed on mouse RBCs to deter-
mine the expression of endogenous Crry, RBC-targeted recombinant Crry,
and deposition of complement activation fragments.

Results

Accelerated complement turnover in Crry "~ C3%~ and
Crry 7~ fB™" mice

Based on previous results showing that maternal C3 deficiency
rescues Crry '~ embryo mortality (33), we bred Crry*’'~C3H'*
males with Crry™/~C37/~ females to generate, as expected,
~50% each of Crry*’~C3™'~ (23 of 47) and Crry '~ C3™'~ (24
of 47) mice. In this situation, Crry*’~ and Crry~’~ mice can be
compared on the same C3 heterozygous background. Along this
line, if we crossed Crry~/~C3~’~ male mice to Crry*’~C3*'*
female mice, 92% of the offspring were Crry™’~C3"/~. Thus,
most Crry/~C3™*'~ mice died if the mother was C3*/* (33). We
desired to test how critical the activating capacity of the maternal
AP is for survival of Crry null embryos.

Therefore, Crry™~ fB™" males were mated with Crry™' " fB~
females, resulting in the predicted ~50% Crry™ " fB*'~ and
Crry~'"fB*'~ mice (80 of 156 were Crry*’~fB*'~ vs 76 of 156
were Crry~'~fB*'7) (Table I, A). However, if Crry™'"fB~'~
males were bred with Crry™’"fB*'" females, only 1 (1.4%) of
73 mice was Crry ’"fB*'~ and 72 (99%) of 73 were Crry™’'~
fB“* (Table I, B). Thus, similar to the result with a C3-suffi-
cient mother, most all Crry~’~ mice died if fB was present in
the mother. These results point out how the efficiency of ma-
ternal C3 activation via the AP accounts for embryonic lethal-
ity. They also provide an opportunity to compare Crry*™’~ and
Crry~’~ mice with the same gene dosage and “presumably” the
same protein levels of C3 and fB.

To address this, AP activity was monitored using several assay
systems. In a functional test, the Crry~’~ mice with the same C3

/—

or fB genotypes had reduced C3 deposition on the surfaces of
zymosan particles compared with Crry™'~ mice (Fig. 1). For ex-
ample, there was ~50% reduction of C3 fragments deposited on
the surfaces of zymosan in mice lacking Crry in 10% serum and a
reduction to <5% in 5% serum. These results raised the possibility
of C3 or other components of the AP being different in the sera or
a difference in C3 biosynthesis in the liver. We next measured
serum C3 levels by Western blot (Fig. 2A) and ELISA (Fig. 2B).
The concentration of C3 was reduced in Crry-deficient mice, even
though the Crry™~ and Crry~’~ mice carried the same C3 het-
erozygous genotype. This phenomenon was also observed on a fB

10% Serum 5% Serum

WT i ‘L 80% } 42%
C - fB+- 80% 48%
" A—‘L
i s i 2% 3%
Crry"fB
Crry*- C3* : 68% 32%
1 I
T T
Crry-C3*" 36% 0.4%
P w0 w0t owe® w0 w0 wf

Anti-C3 FIIC —MMMM

FIGURE 1. Impairment of AP in Crry*'~ vs Crry™’~ mice. ZP were
used to activate the AP using 10 (left panel) and 5% mouse serum (right
panel). C3 deposition was assessed by FACS using FITC-conjugated anti-
C3 Ab. The line represents the EDTA-treated (negative) control sample.
There was less AP activation in Crry™"fB™'~ and Crry™/~C3™'~ mice.
Sera from Crry™~fB™'~ or Crry*’~C3™'~ were similar to the correspond-
ing Crry™*’" strain (data not shown). This experiment was repeated twice
with similar results.

2202 ‘9 Yase |\ uo 1senb Aqg /6.0 jounwiwi i mammy/:dny wioly papeoumoq


http://www.jimmunol.org/

The Journal of Immunology

A Crry* Crry™*
c3- WT  C3* c3+

150 —
100 —

75— Serum C3

50 —|

Crry*+ Crry™-
CE" wr fB*- B+

150 —

100 —

75 — Serum C3

50 —

B .y . P<0.001
Fos .
c _y
§ 0.44 "= Vov
a 03 ie "
=1 P
(2] "'
O a4
o s
’ Crry*  Crry "
‘
e wr 37 o

FIGURE 2. Critical role of membrane protein Crry in control of C3
levels. A, Western blot (reducing conditions) of serum C3 from Crry™’~
and Crry~'~ mice on a C3 or fB heterozygous background. C3~/~ and WT
mice served as controls. A reduced concentration of C3 or B is present in
mice completely deficient in Crry. B, Serum C3 in Crry*/~C3*/~ and
Crry~/~C3™'~ mice were measured by ELISA. There was a 40-50% re-
duction of serum C3 in Crry~'~C3™'~ mice compared with Crry*'~C3%/~
mice. The asterisk indicates a statistically significant difference between
the two groups (p < 0.05; Student’s 7 test).
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heterozygous background (Fig. 2A, bottom panel). Since the co-
agulation pathway may activate complement during serum prepa-
ration, we also measured the concentration of C3 in EDTA-treated
plasma samples. No differences were detected between measure-
ments in serum and plasma (data not shown).

Most of the C3 in fH '~ mice circulates as C3b (14). This fail-
ure to proteolytically inactivate C3b leads to renal pathology (14).
However, we observed only an intact a-chain of C3 in the serum
samples from Crry~'~fB*'~ or Crry™'~C3™*'~ mice (Fig. 2A). To
further characterize the status of C3, CVF was used to activate the
AP of Crry™ " fB*'~ and Crry™’fB*'~ mice. The quantity of the
o2 fragment was proportional to the starting amount of the a-chain
(data not shown). Thus, an increase in C3 activation products,
including C3b, was not present in Crry-deficient mice. We propose
that the presence of fH led to C3b cleavage and subsequent clear-
ance from the circulation. Also, much of the C3 turnover could be
occurring on cells and therefore the C3b is processed locally.

To further evaluate the ability of Crry to control C3 turnover in
vivo, WT serum was transferredi.p.into Crry™"* C3~/~and Crry~ '~
C3~'~ mice. Serum samples were collected from recipient mice
and Western blots were performed (Fig. 3A). As early as 1-3 h
after serum transfer, the C3 a-chain was reduced in Crry™/~C37/~
recipient mice, being comparable to approximately the 9-h data
point in Crry*’*C37'" recipients. The half-life (¢,,,) of WT-de-
rived C3 in Crry™’~ hosts was ~1 h and in Crry*'" ~8 h (Fig.
3B). Additional serum transfer experiments indicated that C3b
cleavage fragments accumulated in the blood of Crry™~ mice
(Fig. 3C). Also, 1 h following serum transfer, C3 deposition in
liver but not in the kidney was detected in Crry '~ mice (Fig. 3D).
This finding is consistent with the liver being a clearance site for
C3c but could also reflect C3b deposition and processing. The
accelerated turnover of C3 in a Crry-deficient host further demon-
strates the essential role of Crry in the control of complement
activation in vivo.

FIGURE 3. WT serum transfer ex- A B so0 WT—> Crry**C3+ e
periments. A, WT serum was trans- WT Crry** C3* Crry" C3" 4004 WT—* Crry-C3+ -=-
ferred by i.p. injection into Crry™’* T 0 1 23 4 6012346 Timefn 2

€37~ and Crry"C3™'~ mice. 150 — § 300-

Serum samples were collected from o % 2001

the recipient mice at the indicated ]

time points following transfer. West- — 100

ern blots (reducing conditions) of the S 0 916 20 24 30 0 9 16 20 24 30 Time (h)

a-chain in the C3-deficient hosts (in- a 0 i é i 1'0 i 1'5 2‘3 2'5 ;o
jected with WT serum) are shown. B, Hours Post Injection

Densitometric scanning analysis of

C3 survival in serum transfer experi- c D Liver C3 deposition

ments (WT to Crry™*C37/~ or WT WT—Crry**C3"

WT—» Crry-C3*

WT—>Crry**/C3--

to Crry™'~C37/7). The calculated t,,,
of C3 survival was 8 h in Crry™’*
mice and 1 h in Crry™’~ mice. The
experiment was performed three
times with similar results. C, Intrave-
nous injection of normal serum into
Crry™*C37'~ or Crry”'"C37'~
mice. Serum samples were collected
at 10, 20, 30, 40, and 60 min. Western
blot of C3 under reducing conditions.
D, Increased C3 deposition was ob-
served in the liver at 1 h after injec-
tion of WT serum in Crry™/~C37/~
mice. This experiment was performed
twice with similar results.

WT—Crry"/C3"
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Crry*- Crry -
fB
fH
Crry*- Crry -
c3- Wr_ fe* B*
— fB
FIGURE 4. Excessive AP turnover in Crry '~ C3™~ and Crry™’~

fB*'~ mice. Western blot analysis of fB and fH from sera of Crry*/~C3™/~
vs Crry™/=C3™'~ and Crry™~fB*'~ vs Crry™'"fB™'~ mice. Densitometric
scanning analysis indicated that there was 52% reduction of fB in
Crry™/~C3™'~ compared with that of Crry*'~C3*'~ mice (p < 0.002).

RBC-targeted Crry does not prevent accelerated C3 turnover

in vivo

Plasma is continuously in contact with RBCs. To address whether
the RBC compartment is responsible for the enhanced turnover of
C3 in Crry~/~C3™%'~ in vivo, this pool was coated with a recom-
binant fusion protein consisting of a single-chain Ab fragment
(scFv) specific for mouse glycophorin A and Crry (Crry5-Ter)
(42). This RBC-targeted Crry protects against classical or AP ac-
tivation (34). Crry~'~C3*’~ mice were injected with recombinant
Crry5-Ter and the copy number of Crry was determined by FACS.
There was a 3- to 5-fold excess of Crry compared with endogenous
levels, sufficient to protect against C3 consumption on RBCs (34).
However, Western blot analysis did not reveal an increase in C3 in
the circulation of Crry™'~C3™*'~ mice (data not shown). Crry, like
MCP and DAF, only protects against complement activation on the
cell in which it is expressed (43, 44). An increased turnover is
likely occurring on all cells exposed to blood and therefore coating
only on one cell population with an inhibitor would have a modest
effect on AP activation.

Crry maintains C3 homeostasis by regulating AP activation

Complement activation by the AP is the likely mechanism to ex-
plain the C3 consumption in Crry-deficient mice. Consistent with
this proposal, there was reduced fB protein in the serum for the
respective gene dosage in Crry™'"fB™~ and Crry™'~C3*'~ mice
(Fig. 4). A 52% decrease of serum fB was observed in Crry /™~

FIGURE 5. Accelerated C3 turn- A
over in Crry " fB*'~ and Crry™"~ 3 M
C3™~ mice is ameliorated by fB de- \,& @
ficiency. A, Western blot (reducing
conditions) of serum C3 and fB from

C3 precursor

Liver C3 mRNA B —
Liver C3 protein

c Crry*- C3*

FIGURE 6. Hepatic liver C3 synthesis and renal kidney morphology in
Crry*'~ vs Crry™'~ mice. A, Liver C3 mRNA levels as measured by RT-
PCR are comparable in Crry ™~ fB*/~ and Crry /" fB™/~ mice. B, Hepatic
C3 protein precursor, as detected by the Western blot, is comparable in
Crry*'=fB*'~ and Crry~'"fB*~ mice. C, Renal morphology in 9-mo-old
Crry™~C3%'~ and Crry™'~C3™'~ mice. Hypercellularity, mesangial ex-
pansion, and thickening of the glomerular basement membrane were not
observed in Crry™’~ mice. There was also no increase in C3 fragment
deposition in Crry™’~ mice (data not shown).

C3™~ compared with that of Crry™~C3"/~ mice (n = 6 for
Crry/~C3"~ and n = 5 for Crry™'~C3%'~; p < 0.002). Also,
using CVF in vitro to cleave fB into Ba and Bb, both fB and Bb
were reduced in the sera of Crry™/~fB*'~ mice (data not shown).
fH levels of Crry™/~C3*'~ and Crry™/"fB*'~ mice were un-
changed compared with Crry™'~C3%~ and Crry™'~fB*'~ con-
trols (Fig. 4). Thus, the concomitant reduction of C3 and fB
further implicates excessive AP C3 convertase formation in
Crry-deficient mice.

In contrast to the reduced C3 level in the sera of Crry™'"fB
mice (Fig. 5A, middle lanes), an equivalent quantity of C3 was
observed in the Crry™~fB~'~, Crry™'~fB*'~, and WT mice (Fig.
5A). Thus, complete fB deficiency or 50% of normal Crry levels
prevented C3 turnover. To further prove that fB was necessary for
the consumption of C3 in Crry '~ C3*'~ mice, Crry/"fB~’~ and
Crry™'~C37’~ mice were crossed to generate F, Crry™' fB*'~
C3™'~ mice. By intercrossing these F, mice, we produced Crry /'~
fBT'TC3"" and Crry™"fB~'~C3™'~ mice. As shown in Fig. 5B,
enhanced C3 turnover occurs in the Crry™' fB*'~C3™'~ mice

+/—

B 3
Q

ﬁ $& & .sf“
s &

Crry*'~fB*~, Crry~'"fB*'~, and 8 -
Crry™'"fB~'~ mice. In the presence o
of fB deficiency, enhanced C3 turn- 00— 100 —|

over was prevented. B, Crry™/~
C37'~ mice were crossed with
Crry '"fB~'~ mice to generate F,
Crry™/"fB*~C3"~ mice. These
mice were crossed to generate
Crry " fB*~C3""~ and Crry "~
fB~/~C3%'~ animals. C3 turnover
was prevented in Crry™/~C3™/~ mice
by a deficiency of fB.

s &

C3

B
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FIGURE 7. Development of Crry SKO mice. A, Genotyping. WT, Crry/C3, and Crry/fB double knockout mice served as controls. B, Protein expression.
Crry is absent on the circulating RBCs (fop) by FACS and in the liver by immunohistochemistry using an anti-mouse Crry Ab. C, Western blots demonstrate
decreased concentrations of serum C3 and fB, a modest decrease of fH in Crry SKO mice, and normal levels of C3 precursor protein in the liver. C3 or

B split products were not detected. D, Densitometric scanning of C3, fB, and fH levels in WT, Crry

/= and Crry SKO mice. There was an ~60% reduction

of C3 and fB in Crry SKO mice (p < 0.001, n = 5 for C3 group and n = 8 for {B group) and a modest but significant decrease of fH in Crry SKO mice

(p < 0.008, n = 8).

compared with Crry™'~C3%~ mice; however, C3 levels in the
setting of fB homozygosity (Crry™’ fB~'~C3™'~ mice) are com-
parable to those in Crry™'~C3™/~ mice. Thus, introducing fB de-
ficiency into the Crry™’~ mice normalized C3 levels for gene
dosage.

Although the experimental evidence is consistent with enhanced
complement AP activation causing C3 turnover, a defect in C3
synthesis in the liver needed to be ruled out. We therefore mea-
sured hepatic C3 mRNA levels by semiquantitative RT-PCR and
C3 precursor levels by Western blot. Liver C3 mRNA (Fig. 6A4)
and C3 protein precursor (Fig. 6B) were comparable between
Crry™ fB*™'~ and Crry”'"fB™'~ mice. Thus, there was not a
defect in hepatic C3 biosynthesis.

We monitored cohorts of Crry™'~C3™'~ and Crry”/~C3%'~
mice for up to 9 mo. The peripheral blood counts were in the
normal range (data not shown). An increase in mortality was not
observed in the Crry™/~C3*’~ mice. There was also no increase
of C3 deposition in the glomerulus of Crry™’~C3*'~ mice (data
not shown). At least up to 1-year of observation, Crry deficiency
did not result in MPGN II (Fig. 6C).

Efficiency of maternal complement activation determines
Crry-mediated embryonic mortality: the generation of the
Crry single knockout mouse

+/+

One mouse with a genotype of Crry™'~fB was identified
among 14 offspring when breeding pairs were fortuitously set up
with two females (one Crry™'~fB*'~ and one Crry™’ " fB*'~) and
3 males (two Crry™'"fB*'~ and one Crry™'"fB™'~). The other
genotypes in these 14 offspring were 8 Crry™ ~fB™'~, 1 Crry™'~
fB'7.3Crry”"fB™ ", and 1 Crry~'"fB~'". The possibility of a
genotyping error was assessed because there had been no prior live
births of Crry ™/~ fB™’" mice; instead, Crry /"~ mice only survived
with either complete or partial B deficiency (33). Nevertheless,
Crry™'"fB™'* remained a possible genotype when the males
(Crry™~fB*'~ and Crry~'"fB*'") and females (Crry*’ fB*'~
and Crry~'"fB*'") are used as breeding partners. The genotyping
of Crry™/"fB*'* was verified (Fig. 7A).

We hypothesized that a fB heterozygous (fB*'~) background
might allow for survival of Crry™'~ embryos. By breeding Crry™’~
fB*'" males with Crry™/~fB*'~ females (Table I, C), 131 live
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births were obtained with four genotypes: Crry*™'~fB*'~ (33 of
131, 25%), Crry~"~fB*'~ (28 of 131, 21%), Crry '~ fB*'* (38 of
131, 29%), and Crry™ " fB™'* (32 of 131, 24%) (data not shown).
However, breeding Crry™ '~ fB*'~ males with Crry™ " fB*'" fe-
males failed to generate Crry™’~fB™'* mice (0 of 57, 0%) and
resulted in only one Crry™’"fB™'~ mouse (1 of 57, 1.7%; Table
I, D).

The survival of Crry™/"fB*'* mice was possible because of
maternal AP insufficiency and represents the first example of a
Crry single knockout (Crry SKO) mouse. Further evidence to sup-
port this conclusion was obtained using Crry '~ fB*'~ breeding
pairs. This cross produced 193 live births with three different ge-
notypes: Crry™'~fB*'* (50 of 193, 26%), Crry~'"fB™'~ (103 of
193, 53%), and Crry”/"fB~'~ (40 of 193, 21%) (Table I, E).
Again, if the maternal genotype was heterozygous for fB, live
births occurred in which the pups were knockouts for only Crry.

We next extended our examination by analyzing Crry~'~ mice in
the setting of a C3 heterozygous background. Crry™~C3*"" males
were bred to Crry '~ C3™/~ females to generate 194 live births. For
54 mice, the genotype was Crry~'~C3%'* (Crry SKO) (54 of 194,
28%; Table I, G). In addition, breeding Crry~'~C3%'~ to each
other generated 10 of 58 live births as Crry~ '~ C3%/" (10 of 58,
17%; Table 1, H). This outcome is similar to that with Crry_/_
fB*'~ female mice and occurred with the expected Mendelian
frequency. However, breeding Crry™’~C3"/~ mice with each
other failed to produce any Crry™'~C3*'* (0 of 169, 0%), only
one Crry '~C3%"~ (1 of 169, 0.5%), and no Crry'~C3~'~ (0
of 169, 0%) mice (Table I, I; the remainder of the genotypes from
this breeding combination are not shown). Crry™'~fB*'~ breed-
ings generated a few less than the expected Mendelian distribution
of live births: Crry™'"fB™'™ (6 of 243, 2.4%), Crry™'"fB™'~ (12
of 243, 4.93%), and Crry~'"fB~'~ genotypes (3 of 243, 1.23%)
(Table I, F). Since there is no evidence for accelerated C3 turnover
in mice on a Crry heterozygous background (Crry™’~, Crry*’'~
C3%'=, Crry*’~fB™'™) (Figs. 2 and 7D), these results point to a
reduction in fB as being more crucial than a reduction in C3 rel-
ative to their contribution to complement-mediated embryo
rejection.

The preceding data establish that C3 turnover, by reducing the
activating capacity of the AP, allows for live births of Crry SKO
mice. Breeding Crry™fB*'*C3%'* males with Crry™’ fB*™'*
C3™* (Crry SKO) females produced Crry™'~fB™'*C3™" (37 of
86, 43%) and Crry™'"fB™/"C3™'" (49 of 86, 57%) (Table I, J).
However, breeding Crry™/"fB™/*C3™'* males with Crry™'~
BT C3™* females produced no Crry /" fB™/*C3™'* mice, as
100% of the offspring were Crry*’~fB*'*C3™/* mice (31 of 31,
100%) (Table I, K). In summary, a breeding strategy featuring
reduced maternal AP-activating capacity generates a stable strain
of Crry SKO.

Breeding Crry SKO mice generated a stable line lacking only
the Crry gene (Fig. 7, A and B). In these mice C3 and fB are
reduced by ~50%, indicating accelerated AP-mediated C3 tick-
over (Fig. 7, C and D). Hepatic C3 precursor levels were compa-
rable to those of WT and Crry™~ mice (Fig. 7C). Although fH
was normal in Crry ~/~ mice carrying fB*'~ or C3*/~, there was
a modest but significant decrease in fH in the Crry SKO mice (Fig.
7D). This may reflect a larger quantity of C3 turnover in the latter
that contributes to fH consumption (see Discussion). Taken to-
gether, these observations highlight the importance of a membrane
protein, Crry, in controlling the complement system.

Discussion
Based on a series of breeding experiments involving crosses of
Crry-, C3-, and fB-deficient mice, we conclude that the membrane

complement regulator Crry helps to maintain homeostasis of the
AP and demonstrates that a reduction in the efficiency of AP ac-
tivation in the maternal circulation rescues the otherwise embry-
onically lethal Crry~’~ phenotype. The former represents an ex-
ample whereby a single membrane regulatory protein prevents
excessive turnover of the complement system while the latter al-
lows for the generation of Crry SKO mice (without a concomitant
C3 or fB gene deficiency).

Turnover of the complement system in Crry deficiency

The complement system is continuously engaged. This was only
recently shown for the classical pathway, based on the elevated C3
levels in C1q- and C2/fB-deficient mice (12), but was proposed 40
years ago for the AP (reviewed in Ref. 1). Evidence for this AP
tickover in plasma (45) also comes from deficiencies of fH in
humans, mouse, and pig and from fI deficiency in humans. In each
species, C3 and fB are reduced to <10% of normal blood concen-
trations and reconstitution experiments demonstrate that low C3
and fB are secondary to accelerated AP turnover. This often leads
to glomerulonephritis, featuring prominent C3 fragment deposi-
tion, as well as infections because of a secondary C3 deficiency
9).

In this study, reduction in the expected level of C3 was observed
in three types of Crry-deficient mice, Crry ' fB™'~, Crry™'~
C3%~, and Crry SKO. fB levels in blood were also lower than
anticipated based on gene dosage, indicating that accelerated AP
activation was the responsible mechanism. The normal C3 con-
centrations, based on gene dosage in Crry ' fB~'~ and Crry '~
fB~'~C3™'~ mice also support this conclusion. In addition, using
Crry-transgenic mice in which Crry expression was induced by
zinc sulfate, C3 levels were increased (46). Also, administration of
the function blocking anti-Crry Ab to WT mice led to an increase
of C3 tickover as well as C3 deposition in the liver (47). Our in
vivo rescue experiment in which a fB null allele was introduced
into Crry ™/~ C3™'~ mice is consistent with these data and suggests
that the overexpressed Crry inhibited the AP. While this work was
in progress, low C3 levels were reported in Crry '~ DAF '~
C3™~ mice; however, a double deficiency of Crry and DAF does
not allow for dissection of the relative roles of Crry and DAF (48).
Our results establish that a single membrane complement regulator
contributes to the control of AP turnover and that CA, rather than
DAA, is primarily responsible for holding the AP in check on
cells.

We looked for but did not find renal pathology during the first
year of life of the Crry™'~C3™'~ mice. Several possibilities to
explain this finding have been considered. The simplest is that the
magnitude of C3 turnover is just not as great as in the complete fH
or fI deficiency. This point coupled with reduced AP-activating
capacity and relative normal levels of fH in plasma of Crry null
mice appears to be sufficient to prevent the generated C3b from
causing tissue damage. Also, the turnover in the case of the Crry-
deficient mice is likely to be primarily on cells which may be more
tolerable because of repair mechanisms. However, we are follow-
ing these mice into the second year and will be examining multiple
tissues including the retina and renal glomeruli for the develop-
ment of pathology.

Maintaining complement homeostasis through membrane and
Sfluid-phase regulators

InfH '~ mice, <5% of normal C3 is detectable in blood and even
fH heterozygous (fH"/~) mice have a lower concentration of C3
than WT mice (14). In mice deficient in Crry and heterozygous for
C3 or /B, a reduction of C3 for gene dosage was also observed in
both Crry™'~C3™'~ and Crry~'"fB*'~ mice. No reduction of C3
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was observed if the mouse was heterozygous for Crry deficiency
(Crry™=C3™~, Crry™~fB*'~, and Crry™ ™). These results shed
light on the role played by fluid-phase and membrane regulators in
maintaining homeostasis of the complement system. By inference
and analogy to the fluid-phase turnover seen in a deficiency of fH
or fl, these results imply that there is continuous turnover of the AP
on cells and that CA is required both in the fluid phase (fH) and
intrinsic to cells (Crry in rodents or MCP in humans and other
mammals) to prevent excessive AP turnover. As pointed out in the
Introduction, Crry and MCP are the only widely expressed mem-
brane C3 regulators with CA mouse and humans, respectively.

Inactivation of the continuously generated C3b is an important
mechanism to regulate complement activation. C3b represents not
only a source of further activation products with a variety of bio-
logical functions but also initiates the amplification loop of the AP.
This feedback loop has the potential to produce large amounts of
C3b that may deposit on the microbial targets as well as on cells
and matrices. The experimental evidence in this report emphasizes
the critical role played by a membrane complement regulatory pro-
tein in regulating this loop. Although its effect on complement
regulation is not as dramatic as the fluid phase regulators fI and fH,
Crry deficiency leads to an ~50% reduction of blood C3 (com-
pared with > 95% serum C3 consumption in fH~’~ mice). Crry
probably inactivates the continuously produced C3b which depos-
its on cell surfaces, primarily through its CA. Therefore, Crry, in
combination with fI, is required to maintain homeostasis of the AP
on cells. This conclusion is supported by the lack of C3 turnover
in Crry™/~fB*'~ and Crry™/~C3™'~ mice if these mice are made
null for fB.

Maternal complement activation and the generation of the Crry
SKO mouse

In this report, we compared Crry™~ vs Crry™’~ mice on a C3 or

fB heterozygous background. As discussed above, substantial C3
turnover occurs in Crry~'~C3™'~ or Crry™~fB™'~ mice second-
ary to decreased regulatory activity for the AP. Importantly, this
Crry-dependent C3 turnover on the maternal side allowed for the
generation of a stable mutant mouse strain lacking only the Crry
gene because of decreased capacity of the AP in female mice.

The survival of Crry SKO mice in the setting of partial maternal
C3 or fB deficiency further supports the crucial role of the AP in
mediating embryonic death. Accelerated AP-mediated C3 turnover
also occurs in Crry SKO mice. This leads to reduced levels of C3
in the circulation, which is essential for the establishment of the
Crry SKO mouse line. However, since ~50% of the normal fB and
C3 levels remains in the circulation of Crry SKO mice, this strain
can be used to study disease models in which the pathology de-
pends upon complement activation.

The classical pathway does not play a role in embryo rejec-
tion since a deficiency of C4 did not allow for live births (33).
In this report, we observed that C3 or fB deficiency on the
maternal side rescues the Crry-deficient mouse. Of note, some
Crry™’~ mice survived from Crry*’~ fB*/~ breeding pairs
while there were no Crry~ '~ live births from Crry*’~ C3™/~
breedings. This unexpected result suggests that fB plays a more
critical role than C3 in embryo rejection; i.e., heterozygosity of
fB allowed for live births of Crry~’~ mice while loss of one
allele of C3 did not.

The in vivo functions of Crry have also been explored by
treatment with Crry-Ig and by using Crry-transgenic mice. For
example, Crry plays a role in the pathogenesis of autoimmune
disorders (such as MRL/Ipr mice) (49, 50), ischemia/reperfu-
sion injury (51), and Alzheimer’s disease (52, 53). Using trans-
plant models, Crry was shown to be essential to protect Crry-
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deficient RBCs or kidneys from complement attack (35, 36).
However, Crry deficiency could previously only be studied in
Crry™'~C37'~ and Crry™/~fB~'~ mice that completely lack
AP activity. Accelerated AP-mediated C3 turnover occurs in the
Crry SKO and this turnover has a direct impact on obtaining
live births from Crry SKO breedings.

Biological significance of continuous complement turnover and
its regulation

These data provide strong evidence for continuous turnover of the
AP of complement activation on cells. We view this as a critical
surveillance system to provide proinflammatory, opsonic and lytic
activities to facilitate identification, clearance, and destruction of
pathogens. Moreover, it likely serves a similar role relative to ne-
crotic, apoptotic, and otherwise injured host cells and tissues
where it would facilitate repair in some cases but foster elimination
in others. A fundamental difference though between pathogen vs
self-interactions in the innate immune response is the issue of in-
structing an adaptive immune response in the first but avoiding this
response in the second. How this distinction is accomplished is
unclear but it represents a fundamental problem in need of
resolution.

The studies reported herein also illustrate the fine balance be-
tween regulation and activation of the AP. The lack of one regu-
lator, Crry, on fetal-derived tissue allows for the “normal” mater-
nal AP to attack the developing placenta. On the other hand, if a
maternal AP-activating cascade is reduced by ~50% (despite the
total absence of a regulator), the embryo survives. In several ex-
amples in this study, a reduction in maternal complement activity
capacity was secondary to accelerated complement consumption in
the setting of deficient regulatory protein function. In particular,
this report illustrates that a membrane inhibitor of complement is
required to maintain physiologic levels of the activating pathways
required for host defense. Implied in this conclusion is that there is
a turnover of the complement-activating cascade on cells analo-
gous to what has been previously shown in the fluid phase
(plasma).
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