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The	alternative	pathway	(AP)	of	complement	activation	is	constitutively	active	and	must	be	regulated	by	host	
proteins	to	prevent	autologous	tissue	injury.	Dysfunction	of	AP	regulatory	proteins	has	been	linked	to	several	
human	inflammatory	disorders.	Properdin	is	a	positive	regulator	of	AP	complement	activation	that	has	been	
shown	to	extend	the	half-life	of	cell	surface–bound	C3	convertase	C3bBb;	it	may	also	initiate	AP	complement	
activation.	Here,	we	demonstrate	a	critical	role	for	properdin	in	autologous	tissue	injury	mediated	by	AP	
complement	activation.	We	identified	myeloid	lineage	cells	as	the	principal	source	of	plasma	properdin	by	
generating	mice	with	global	and	tissue-specific	knockout	of	Cfp	(which	encodes	properdin)	and	by	generating	
BM	chimeric	mice.	Properdin	deficiency	rescued	mice	from	AP	complement–mediated	embryonic	lethality	
caused	by	deficiency	of	the	membrane	complement	regulator	Crry	and	markedly	reduced	disease	severity	in	the	
K/BxN	model	of	arthritis.	Ab	neutralization	of	properdin	in	WT	mice	similarly	ameliorated	arthritis	develop-
ment,	whereas	reconstitution	of	properdin-null	mice	with	exogenous	properdin	restored	arthritis	sensitivity.	
These	data	implicate	systemic	properdin	as	a	key	contributor	to	AP	complement–mediated	injury	and	support	
its	therapeutic	targeting	in	complement-dependent	human	diseases.

Introduction
The complement system is an important part of innate immunity 
that plays a vital role in host defense against opportunistic infec-
tions (1, 2). Activated complement promotes inflammation by 
anaphylatoxin generation, facilitates phagocytosis by target opso-
nization, and causes direct cell lysis by membrane attack complex 
formation (1, 2). Activation of the complement system occurs via 
3 different pathways: the classical pathway, which is triggered by 
antigen-bound Abs; the lectin pathway, which is mediated by man-
nose-binding lectins with specificity to unique sugar molecules 
present on the surface of microbes; and the alternative pathway 
(AP), which is constantly active at a low level as a result of spon-
taneous hydrolysis of the complement protein C3 (3, 4). Among 
these activation mechanisms, the AP plays a pivotal role because of 
its self-amplifying nature and the fact that all pathways converge 
at the C3 cleavage step, from which the self-amplification loop of 
the AP can be engaged (5, 6).

Although Abs and collectins afford specificity to the classical 
and lectin pathways in recognizing non-self, avoidance of autolo-
gous tissue injury from the constitutively active and nondiscrimi-
natory AP complement  is achieved through host cell–specific 
complement regulatory proteins. Numerous human disorders 
have been linked to inadequate AP complement control, often as 
a consequence of regulator dysfunction (2, 7). For example, defi-
ciency of decay-accelerating factor (DAF) and CD59 on blood cells 
causes paroxysmal nocturnal hemoglobinuria (PNH), for which 
eculizumab, a first-in-class anti–complement C5 mAb drug, has 
been developed as a treatment (8, 9). Atypical hemolytic uremic 
syndrome (aHUS) and age-related macular degeneration (AMD) 

are 2 other conditions caused by inappropriate AP complement 
activation, as a result of either fH or membrane cofactor protein 
(MCP) dysfunction or gain-of-function mutations in C3 or fac-
tor B that render them more resistant to regulatory control (7). 
Complement has also been implicated in the pathogenesis of a 
number of common inflammatory and allergic disorders, includ-
ing arthritis, ischemia-reperfusion injury, and asthma (7). Thus, 
anticomplement therapy represents a promising treatment strat-
egy for a growing list of human conditions (2, 7, 10).

Properdin (also referred to as fP) is a plasma glycoprotein known 
as a positive regulator of AP complement activation. Discovered 
almost 50 years ago along with the AP, it was initially considered an 
initiator of this pathway (11, 12). Subsequent studies demonstrated 
that AP complement activation could be biochemically reconstitut-
ed in vitro in the absence of properdin, which led to the conclusion 
that properdin does not play an indispensable role in AP comple-
ment activation (13, 14). The widely accepted mode of action of 
properdin is that it binds and stabilizes surface-bound C3 conver-
tase C3bBb, significantly extending its half-life (15, 16). Thus, ini-
tiation of the AP has been thought to be facilitated by properdin, 
but not dependent upon it. However, this traditional view has been 
challenged by recent studies showing that properdin can bind to 
target surface and initiate AP complement activation (17–22). Here, 
we examined the role of properdin in 2 models of AP complement 
activation in vivo. Our data revealed a critical role of properdin in 
mediating AP complement–mediated injury of host tissues and 
support therapeutic targeting of properdin as a potential treatment 
strategy for complement-dependent human diseases.

Results
Properdin deficiency rescues Crry–/– mice from AP complement–medi-
ated embryonic lethality. We have previously generated a properdin-
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null (Cfp–/–) mouse by gene targeting (21). Using in vitro assays of 
diluted or neat serum, we found that LPS-induced AP complement 
activation was completely abrogated in the Cfp–/– mouse serum, 
whereas zymosan-induced AP complement activation was only 
partially impaired (ref. 21 and data not shown). These data were 
suggestive of a varied requirement for properdin in AP complement 
activation, triggered by different microbial components. To deter-
mine the role of properdin in AP complement activation on suscep-
tible host tissues, we used the Crry–/– mouse model (23, 24). Crry 
is a rodent-specific membrane complement regulator with DAF 
and MCP activities (25, 26). Gene deletion of Crry in mice caused 
embryonic lethality, such that no homozygous Crry–/– animals 
could be obtained from Crry+/– mating (23). However, embryonic 
lethality was preventable by deficiency of C3 or factor B — but not 
of C4 — in Crry+/– breeders, which suggests that AP complement–
mediated fetal injury was responsible for the lethal phenotype (24). 
Here, we crossed Cfp–/– mice with Crry+/– mice and generated Cfp–/–

Crry+/– mice as breeders. We then intercrossed Cfp–/–Crry+/– mice and 
examined 8 litters of progeny for their Crry genotype. Of 59 pups 
examined, we identified 14 Crry+/+, 28 Crry+/–, and 17 Crry–/– mice 
(24%, 47%, and 29%, respectively). This outcome was not signifi-
cantly different from the expected Mendelian distribution ratio  
(P = 0.79, c2 test) and mirrored the rescuing effects of C3 and factor B  
deficiency (23). Thus, properdin deletion protected Crry–/– mouse 
fetus from AP complement–mediated lethal injury.

Properdin deficiency ameliorates disease in the K/BxN model of arthri-
tis. The K/BxN model of arthritis is a widely used murine model 
of inflammatory injury known to be mediated by AP complement 
(27). K/BxN mice, generated by crossing the KRN TCR transgenic 
mouse on a C57BL/6 background with the NOD strain, develop an 
aggressive form of arthritis that is mediated by Abs against a com-
mon autoantigen, glucose-6-phosphate isomerase (GPI; ref. 28). Pas-
sive transfer of K/BxN mouse serum or anti-GPI IgGs to naive mice 
caused similar destructive arthritis in the recipients (29). Using ankle 
thickening and clinical score as readouts, we first tested the serum 
transfer protocol for arthritis induction in naive WT mice and con-
firmed its dependency on C3 and factor B (Supplemental Figure 1; 
supplemental material available online with this article; doi:10.1172/
JCI41782DS1). We then evaluated disease induction in Cfp–/– mice 
and their WT littermate controls and found that properdin deficien-
cy significantly protected mice from arthritis development induced 
by serum transfer (Figure 1, A and B). Amelioration of arthritis in 
Cfp–/– mice correlated with decreased tissue levels of the inflamma-
tory cytokine IL-1β in the joint (Figure 1C).

It  is possible that adoptive transfer of K/BxN mouse serum 
could partially reconstitute plasma properdin in Cfp–/– mice, which 
might have caused the full protective effect of properdin deficiency 
to be underestimated. Indeed, although no LPS-induced AP com-
plement activity was observed in naive knockout mice, Cfp–/– mice 
receiving K/BxN mouse serum displayed transient and partial res-
toration of serum AP complement activity (Supplemental Figure 
2A). To further evaluate this issue, we performed a comparative 
experiment in which purified total IgGs, instead of whole serum, 
from K/BxN mice were used to induce disease. As expected, adop-
tive transfer of K/BxN mouse IgGs did not confer AP complement 
activity to Cfp–/– mice (Supplemental Figure 2B).

Using this optimized protocol, we reevaluated arthritis develop-
ment in WT and Cfp–/– mice and obtained similar results (Figure 1, 
D–F), with Cfp–/– mice displaying significantly reduced ankle thick-
ening and clinical scores (change in ankle thickness day 7 after IgG 

transfer, WT, 2.0 ± 0.20 mm; Cfp–/–, 0.87 ± 0.36 mm; clinical index, 
WT, 3.6 ± 0.44; Cfp–/–, 1.60 ± 0.78; n = 7 [WT], 11 [Cfp–/–]). His-
tological analysis showed significantly reduced pathology scores 
(synovial hyperplasia,  inflammatory  infiltration, and pannus 
formation) and C3 staining (Figure 1, F and G), further corrobo-
rating the protective effect of properdin deficiency in this model  
of arthritis induction.

BM-derived cells are the major source of pathogenic properdin in K/BxN 
arthritis. Human properdin has been reported to be synthesized 
by hepatocytes, various types of leukocytes, and endothelial cells 
(30–32). By Northern blot analysis, we previously detected Cfp 
mRNA in multiple mouse tissues, including the liver, spleen, and 
fat (21). To determine the source of properdin that contributes 
to arthritis development, we generated BM chimeras between WT 
and Cfp–/– mice. Real-time PCR analysis of Cfp mRNA in BM cells 
confirmed the successful reconstitution of donor BM in recipient 
mice (Figure 2A). Western blot analysis revealed BM cells to be 
the major source of plasma properdin, as its level in WT→Cfp–/–  
chimeras was similar to that of the WT→WT control, but was 
markedly reduced in Cfp–/–→WT chimeras (Figure 2B). Likewise, 
LPS-induced AP complement activity in WT→Cfp–/– chimeras was 
indistinguishable from that of WT mice, but was substantially 
reduced in Cfp–/–→WT chimeras (Figure 2C). We next tested the 
susceptibility of the chimeras to K/BxN mouse serum-induced 
arthritis. WT→Cfp–/– chimeras developed arthritis comparable 
in severity to that in the WT→WT control, whereas Cfp–/–→WT 
chimeras developed a milder arthritis, marked by less ankle thick-
ening and lower clinical scores (Figure 2, D and E). These data 
collectively suggest that BM-derived cells are the major source of 
pathogenic properdin in K/BxN arthritis. To determine the rela-
tive levels of properdin biosynthesis in different leukocyte popula-
tions, we performed real-time PCR analysis of purified splenic T 
(CD90+) and B (CD19+) lymphocytes and macrophages/granulo-
cytes (CD11b+), and found the latter group had the most abun-
dant properdin expression (Figure 2F).

Conditional gene targeting of properdin in myeloid lineage cells amelio-
rates K/BxN arthritis. To further define the cellular source of pro-
perdin involved in AP complement–mediated injury, we used gene 
targeting with the Cre/lox system to generate tissue-specific Cfp 
knockout mice. Our targeting strategy was to flank exons 3–5 
of the Cfp gene with 2 loxP sites (Supplemental Figure 3, A–C). 
This was the same targeting strategy that previously led us to the 
serendipitous creation of Cfp–/– mice by NEO insertion (21). We 
used a 3′probe for Southern blot analysis to screen for positive 
ES cell clones (21), followed by second-round screening by PCR 
and restriction enzyme digestion to confirm correct 5′ recombi-
nation (Supplemental Figure 3, C and D). Of the ES cell clones 
identified by Southern blot, the majority did not have correct  
5′ targeting and thus lacked the 5′ loxP site, as we have found pre-
viously (21). However, 1 of 7 clones was confirmed to have under-
gone correct recombination at both 3′ and 5′ ends, resulting in 2 
loxP sites flanking exons 3–5 as intended (Supplemental Figure 3, 
C and D). This ES cell clone was used to generate chimeric mice 
that subsequently transmitted the mutation through germline 
(data not shown). Because we found previously that NEO inser-
tion completely inactivated Cfp, but the phenotype was reversed by 
NEO excision (21), we crossed the Cfp-floxed mouse with the FLPe 
transgenic mouse and removed the NEO gene cassette (data not 
shown). This step allowed us to generate a mouse with a functional 
but floxed Cfp gene (Cfpfl/fl; Supplemental Figure 4).
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Figure 1
Properdin deficiency ameliorates K/BxN arthritis. Arthritis was induced in Cfp–/– mice and their WT littermate controls by i.p. injection of K/BxN 
mouse serum (A and B; n = 10 per group) or IgG (D and E; n = 7 [WT], 11 [Cfp–/–]) on days 0 and 2. Ankle thickening (A and D) and clinical index 
(B and E) were recorded daily. Ankle thickness was measured in millimeters by a caliper and presented as change from day 0. Clinical index was 
determined as follows: 1 point for each inflamed and swollen paw; 0.5 points for each paw with mild swelling/redness or a few affected digits. 
*P < 0.05 versus WT, nonparametric Wilcoxon/Kruskal-Wallis test. (C) IL-1β levels in tissue homogenates of ankles (n = 3 per group) at days 3 
and 8 after K/BxN serum transfer. P values were determined by Student’s t test. (F) Representative images of arthritis in WT and Cfp–/– mice at 
day 7 after K/BxN IgG transfer showing gross anatomy of hind limbs (top), joint histology with H&E staining (middle), and C3 staining (bottom). 
Original magnification, ×40. (G) Semiquantitative scoring of histopathology and C3 deposition in the joints of WT and Cfp–/– mice at day 7 after 
K/BxN IgG transfer. A total of 11 hind limb joints from 6 mice in each group of mice was analyzed; horizontal bars denote mean. **P < 0.001, 
Student’s t test.
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To test Cre-mediated properdin inactivation, we first crossed the 
Cfpfl/fl mouse with the Ella-Cre transgenic mouse, which is capable 
of causing ubiquitous deletion of a floxed target gene (33). We 
confirmed that Cfpfl/flElla-Cre– mice had intact exons 3–5 in their 
Cfp gene structure, whereas Cfpfl/flElla-Cre+ mice had these exons 
successfully deleted (Supplemental Figure 4, A–C). Furthermore, 
no LPS-induced AP complement activity was detected in the sera 
of Cfpfl/flElla-Cre+ mice (Supplemental Figure 4D). These results 
thus validated the Cre/lox system for efficient properdin deletion 
in this mouse model.

We next crossed the Cfpfl/fl mouse with the lysozyme-Cre (Lys-
Cre)  transgenic mouse, which expresses  the Cre  recombinase 
specifically in myeloid lineage cells (34). Cfpfl/flLys-Cre+ mice, but 
not Cfpfl/flLys-Cre– mice, had diminished Cfp mRNA expression in 
their splenic CD11b+ cells (Figure 3A). However, no reduction in 

Cfp mRNA was observed in splenic B cells of Cfpfl/flLys-Cre+ mice, 
which confirmed that Cre-mediated properdin deletion in these 
mice was specific to myeloid lineage cells. Importantly, Western 
blot analysis revealed a dramatic reduction of plasma properdin 
level in Cfpfl/flLys-Cre+ mice compared with WT or Cfpfl/flLys-Cre– 
littermate controls (Figure 3B). Likewise, we detected a significant 
decrease in LPS-induced AP complement activity in the sera of 
Cfpfl/flLys-Cre+ mice (Figure 3C). Finally, when tested in the K/BxN 
model of arthritis with adoptive total IgG transfer, Cfpfl/flLys-Cre+ 
mice developed significantly attenuated disease compared with 
Cfpfl/flLys-Cre– littermate controls (Figure 3, D and E). Collectively, 
these data suggest that plasma properdin is largely derived from 
myeloid lineage cells and that properdin synthesized by these cells 
plays a critical role in AP complement–mediated injury in vivo. To 
ascertain whether properdin — in systemic circulation or released 

Figure 2
BM-derived cells are the major source of pathogenic properdin in K/BxN arthritis. (A) Real-time PCR analysis of Cfp mRNA levels in BM cells of 
chimeric mice. Gapdh was used as an internal control, and values were normalized to those of WT mice. (B) Western blot analysis of properdin 
in the plasma (2 μl/lane) of chimeric mice. Numbers refer to individual mice. WT and Cfp–/– mouse plasmas were used as controls. Rabbit anti-
mouse properdin serum was used as the primary Ab. (C) ELISA plate assay of LPS-induced AP complement activity in sera of chimeric mice. 
(D) K/BxN serum-induced arthritis in chimeric mice, as assessed by changes in ankle thickness (relative to day 0). *P < 0.05 versus WT→Cfp–/–, 
nonparametric Wilcoxon/Kruskal-Wallis test. (E) K/BxN serum-induced arthritis in chimeric mice, as assessed by clinical score. *P < 0.05 versus 
WT→Cfp–/–, nonparametric Wilcoxon/Kruskal-Wallis test. (F) Real-time PCR analysis of Cfp mRNA levels in splenic T (CD90+) and B (CD19+) 
lymphocytes and granulocytes/macrophages (CD11b+). All 3 types of cells were positively selected from splenocytes (pooled from 8 WT mice) 
by column purification. CD11b– cells were the leftover fraction from CD11b+ selection. Gapdh was used as an internal control, and values were 
normalized to that of total splenocytes (Spleen). Values represent mean ± SD of triplicate PCR assays.
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locally by infiltrating leukocytes within the joints — is responsible 
for AP complement–mediated injury, we treated Cfp–/– mice with 
purified mouse properdin (see below for mouse properdin purifi-
cation and characterization). Replacement of exogenous properdin 
reconstituted serum AP complement activity to Cfp–/– mice (data 
not shown) and fully restored their sensitivity to K/BxN serum-
induced arthritis (Figure 3, F and G). This result thus suggested 
that systemic properdin from the circulation is responsible for 
causing AP complement–mediated injury in K/BxN arthritis.

Ab neutralization of properdin protects WT mice from K/BxN arthri-
tis. The finding that systemic properdin was pathogenic in K/BxN 
arthritis suggested that properdin may be a feasible therapeutic 
target in AP complement–mediated diseases. As a proof of concept, 
we produced a function-blocking polyclonal anti-mouse properdin 

Ab to test in WT mice subjected to arthritis induction. We puri-
fied properdin from pooled mouse plasma by fast protein liquid 
chromatography (FPLC) using restoration of LPS-dependent AP 
complement activity to Cfp–/– mouse serum as a bioassay. The most 
active fractions from the last FPLC step were confirmed to contain 
a protein of near homogeneity with the expected molecular weight 
of mouse properdin (Figure 4A). These fractions were pooled and 
used for immunization of a rabbit to produce a polyclonal Ab that 
reacted with mouse plasma properdin with high specificity (Figure 
4B). We then purified the total IgG fractions from nonimmune 
and anti-properdin rabbit sera and prepared the corresponding 
F(ab′)2 fragments by pepsin digestion followed by FPLC purifi-
cation. Anti-mouse properdin F(ab′)2, but not the nonimmune 
control F(ab′)2, completely blocked LPS-induced AP complement 

Figure 3
Myeloid lineage cell–derived properdin plays a critical role in AP complement–mediated injury. (A) Real-time PCR analysis of Cfp mRNA 
levels in purified splenic CD11b+ and CD19+ cells of Cfpfl/flLys-Cre+ and Cfpfl/flLys-Cre– mice. Corresponding cells from Cfp–/– mice were used 
as negative controls. P values were determined by Student’s t test. (B) Western blot analysis of plasma properdin levels in Cfpfl/flLys-Cre+ and 
Cfpfl/flLys-Cre– mice. WT and Cfp–/– mouse sera were used as controls. Total protein from each serum sample (12.5 μl) was precipitated by 5% 
PEG before SDS-PAGE separation, and rabbit anti-mouse properdin serum was used as the primary Ab. (C) LPS-induced AP complement 
activity assay of sera from Cfpfl/flLys-Cre+ (n = 6) and Cfpfl/flLys-Cre– mice (n = 3). WT and Cfp–/– mouse sera (n = 1 each) were used as controls. 
(D and E) K/BxN mouse IgG–induced arthritis, as assessed by ankle thickening relative to day 0 (D) and clinical index (E), in Cfpfl/flLys-Cre+ and 
Cfpfl/flLys-Cre– mice (n = 5 per group). (F and G) Restoration of arthritis sensitivity to Cfp–/– mice by exogenous mouse properdin administration 
(100 μg, i.p., 6 hours prior to K/BxN serum transfer). Arthritis was assessed by ankle thickening relative to day 0 (F) and by clinical index (G) in 
WT mice (n = 6), Cfp–/– mice (n = 5), and Cfp–/– mice administered mouse properdin (n = 6). (C–G) *P < 0.05 versus Cfpfl/flLys-Cre– or Cfp–/– plus 
mouse properdin, nonparametric Wilcoxon/Kruskal-Wallis test.
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activity in WT mouse serum (Figure 4, C and D). To test the effi-
cacy of anti-properdin F(ab′)2 in vivo, we administered a bolus dose 
(2 mg/mouse) to WT mice and assessed serum AP complement 
activity at various time points. Whereas nonimmune F(ab′)2 had 
no effect, anti-mouse properdin F(ab′)2 suppressed serum AP com-
plement activity for at least 6 hours (Figure 4, E and F). AP comple-
ment activity in the treated mice returned to normal levels by 24 
hours (Figure 4E). Importantly, as with Cfp deletion, treatment 

of WT mice with anti-properdin F(ab′)2 significantly ameliorated  
K/BxN mouse serum-induced arthritis (Figure 5). These results 
demonstrated that it is feasible to ameliorate local complement 
injury by systemically targeting properdin.

Discussion
Recently, there has been a resurgence of interest in the plasma 
protein properdin in complement activation (16, 35). Although 

Figure 4
Purification of mouse properdin and generation of a function-blocking anti-mouse properdin Ab. (A) Elution of properdin from the Mono S column 
of FPLC with a salt gradient (20–300 mM in 20 minutes). Protein concentration in the FPLC fractions was monitored by OD280, and its activity 
was determined by LPS-induced AP complement activation assay using Cfp–/– mouse serum. Data are presented as percent recovery of AP 
complement activity in Cfp–/– mouse serum (normalized to WT mouse serum). Fractions 5–12 (10 μl each) were analyzed for purity by separa-
tion on a 10% SDS-PAGE gel under reducing condition and staining with Coomassie blue. The most active fractions from the last FPLC step 
(fractions 8–10; red font), confirmed to contain a protein of near homogeneity with the expected molecular weight of mouse properdin, were 
pooled. (B) Western blot assay showing reactivity of a rabbit polyclonal anti-mouse properdin Ab with plasma properdin in WT mice. No signal 
was detected in Cfp–/– mouse plasma. Plasma samples were either analyzed directly (2 μl) or precipitated with 5% PEG (from 12.5 μl). (C and D) 
Ab neutralization of plasma properdin in vitro. Rabbit anti-mouse properdin IgG F(ab′)2 (C), but not nonimmune rabbit IgG F(ab′)2 (D), blocked 
LPS-induced AP complement activation in WT mouse serum. EDTA sera were used as negative controls. (E and F) Ab neutralization of plasma 
properdin in vivo. WT mice were injected with rabbit anti-mouse properdin IgG F(ab′)2 (E) or nonimmune rabbit IgG F(ab′)2 (F) (2 mg/mouse i.p.). 
Serum samples were collected at the indicated times and assayed for LPS-induced AP complement activity.
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considered a key component for AP complement activation in the 
early days after its discovery (11), properdin has since been largely 
regarded as a facilitating but dispensable regulator of the AP (16). 
Properdin exists in the form of multimers in the plasma and is 
believed to promote AP complement activation by binding and 
stabilizing the newly formed AP C3 convertase C3bBb, extending 
its half-life from 1–2 minutes to more than 18 minutes (15). Sev-
eral recent studies have prompted reexamination of the textbook 
view of the mechanism of action of properdin. Hourcade and col-
leagues have demonstrated that, in addition to working as a stabi-
lizer, surface-immobilized properdin could serve as an anchor for 
new C3bBb assembly to initiate AP complement activation (17, 
18, 20, 35). We have previously shown that purified properdin was 
able to bind to LPS, and the LPS/properdin complex triggered avid 
AP complement activation in properdin-deficient serum, which 
otherwise lacked detectible LPS-induced AP complement activity 
(21). These findings suggested that properdin could function as a 
pattern recognition molecule to initiate the AP and play an indis-
pensable role in LPS-triggered AP complement activation. On the 

other hand, it appears that not all microbial activators of the AP 
complement require properdin. For example, unlike LPS, zymo-
san was capable of triggering robust AP complement activation in 
Cfp–/– mouse serum (21).

The major finding of the present study was a critical role for 
properdin in AP complement–mediated autologous tissue injury. 
Thus, properdin represents an attractive therapeutic target for 
human diseases caused by inappropriate AP complement activa-
tion. The critical role of properdin in AP complement activation on 
self-tissues may reflect the fact that host cells are usually well pro-
tected by multiple complement inhibitors, and a positive regulator 
like properdin is therefore necessary to tip the balance and over-
come the inhibitory mechanisms. It should be noted that although 
our data indicated a critical role of properdin in this process, they 
could not differentiate whether properdin acts as an initiator by 
binding to susceptible host cells or as a stabilizer of C3bBb formed 
on the cell surface. A second conclusion of our study was that sys-
temic properdin derived from myeloid lineage cells appeared to 
be responsible for arthritis pathogenesis. It has been postulated 
that infiltrating leukocytes may release properdin locally at the site 
of inflammation to trigger AP complement activation and exacer-
bate tissue injury (20, 36). Although our results do not discount 
a role of freshly released properdin acting locally, the finding that 
systemic reconstitution of Cfp–/– mice with exogenous properdin 
restored K/BxN arthritis sensitivity suggests that circulating pro-
perdin is capable of causing local injury in the joint.

An  important consideration  in developing anticomplement 
therapies is the balance between the beneficial effect of prevent-
ing tissue injury and the detriment of possibly compromising host 
defense. Properdin deficiency in humans has been reported to be 
associated with meningococcal infection in some individuals, pos-
sibly in the context of low Ab (37) and/or serum mannose-binding 
lectin levels (38). Nevertheless, it could be argued that anti-proper-
din therapy offers several advantages over those targeting other 
complement proteins, such as C3, fB, fD, and C5 (10). First, the 
finding that not all microbial AP complement activators required 
properdin (e.g., LPS, but not zymosan, depended on properdin to 
trigger the AP complement of the mouse) suggests that blocking 
properdin function may affect AP complement activity against 
some pathogens, but not all. Second, there is some evidence that 
properdin does not play a critical role in the AP amplification loop 
of the classical pathways (ref. 21 and our unpublished observa-
tions). Should further studies confirm the lack of involvement of 
properdin in the classical and lectin pathways, then therapeutic 
targeting of properdin will not compromise host defense medi-
ated by these pathways. Third, unlike eculizumab, a C5-blocking 
mAb, pharmacological targeting of properdin would block adverse 
effects of AP complement mediated by C3a/C3b as well as C5a/
MAC. Finally, the relatively low plasma level of properdin (5–15 
μg/ml; ref. 36) makes it more amenable for therapeutic manipula-
tion. In principle, the potential risk of meningococcal infection 
posed by antiproperdin therapy could be mitigated by prophylac-
tic vaccination of patients, a strategy that has been successfully 
used in the treatment of PNH patients with eculizumab (8, 9).

In summary, we have revealed a critical role of properdin in AP 
complement–mediated injury. We have also provided proof of prin-
ciple for systemically targeting properdin as a way to ameliorate AP 
complement–mediated end-organ damage. Collectively, our data 
support the development of antiproperdin therapy for arthritis and 
other genetically predisposed human diseases, such as aHUS and 

Figure 5
Ab neutralization of properdin protects WT mice from K/BxN arthritis. 
(A) Ankle thickening (relative to day 0) of each individual mouse treated 
with anti-mouse properdin IgG F(ab′)2 or nonimmune rabbit IgG F(ab′)2 
(n = 6 per group). (B and C) Average ankle thickening (B) and clinical 
index (C) of mice in A. Mice were injected with anti-properdin or non-
immune rabbit IgG F(ab′)2 (2 mg/mouse i.p.) 30 minutes before each 
K/BxN serum transfer (i.e., on days 0 and 2). *P < 0.05 versus nonim-
mune rabbit IgG F(ab′)2, nonparametric Wilcoxon/Kruskal-Wallis test.
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AMD, that have recently been linked to dysregulated AP comple-
ment and for which no treatment is currently available.

Methods
Mice and conditional gene targeting experiment. WT C57BL/6, FLPe transgenic, 
Ella-Cre transgenic, Lys-Cre transgenic, and NOD mice were obtained 
from the Jackson Laboratory. KRN TCR transgenic mice were provided 
by D. Mathis (Harvard Medical School, Boston, Massachusetts, USA). 
Crry+/– mice were provided by H. Molina (Washington University, St. Louis, 
Missouri, USA). Cfp–/– mice were produced by NEO insertion through 
gene targeting, as previously described (21). To generate a conditional Cfp 
knockout mouse, we used the same targeting strategy and screened ES cells 
for correct targeting at both 3′ and 5′ ends of the homologous sequence 
(Supplemental Figure 3, A and B). ES cells were first screened by Southern 
blot for correct 3′ targeting, as described previously (21). Positive clones 
were then screened by PCR and restriction enzyme digestion (Supplemen-
tal Figure 3, C and D). Briefly, PCR was performed using genomic DNAs 
from the positive ES cell clones and the following primers that span the 
5′  loxP site: 5′-GTAAAGATGATAGGCTTGAAGAT-3′ and 5′-CCTAG-
CAGTACTGCTCATGTG-3′ (904 bp for WT and 944 bp for the targeted 
clones). The amplified PCR fragment was then subjected to EcoRV diges-
tion to identify positive clones containing an embedded EcoRV site adja-
cent to the loxP sequence. A single positive ES cell clone, A3, was identified 
by this 2-round screening procedure (Supplemental Figure 3, C and D)  
and was used for chimeric mouse production, as previously described 
(21). High percentage male chimeras were mated with C57BL/6 mice to 
achieve germline transmission. Progeny with a targeted Cfp gene were 
identified by PCR for the presence of Neo in their genomic DNA using 
NEO-specific primer 5′-GGGTGGGATTAGATAAATGCC-3′  and pro-
perdin-specific primer 5′-CAAGGTACGGCTTTGTTACACA-3′ (≈700-bp  
product expected). Female NEO-positive mice were crossed with FLPe 
transgenic mice to delete the NEO gene cassette (39) and produce Cfpfl/fl 
mice. To detect the FLPe transgene by PCR, the following primers were 
used: 5′-CACTGATATTGTAAGTAGTTTGC-3′ and 5′-CTAGTGCGAAG-
TAGTGATCAGG-3′ (725-bp product expected). To detect loxP sequence as 
a marker of targeted gene allele after NEO excision, the following 2 primers 
were used: 5′-ATAACTTCGTATAATGTATGCTATACGAAGTTAT-3′ and 
5′-CAAGGTACGGCTTTGTTACACA-3′ (≈400-bp product).

To test the efficiency of Cre/lox-mediated properdin inactivation, Cfpfl/fl  
mice were crossed with the Ella-Cre transgenic mouse, which expresses Cre 
in oocytes and is often used as a universal deleter of floxed genes (40). The 
Cre transgene was screened by PCR using 5′-ATTCTCCCACCGTCAG-
TACG-3′ and 5′-CGTTTTCTGAGCATACCTGGA-3′ as primers (≈500-bp 
product expected; ref. 41). Exon 3–5 deletion in Cfpfl/flElla-Cre+ mice was 
detected by PCR of tail DNA using the following primers: 5′-CAGAG-
GAAAATGAAGGGAAATG-3′ and 5′-CAAGGTACGGCTTTGTTACACA-3′  
(1,968-bp for WT and ≈400-bp for knockout; Supplemental Figure 4, A–C). 
To generate mice deficient of properdin in myeloid lineage cells, Cfpfl/fl mice 
were crossed with the Lys-Cre transgenic mouse (34). Progeny was screened 
by PCR for the Cre transgene, and positive mice were examined for pro-
perdin inactivation in their CD11b+ or CD19+ splenic cells (Figure 3A). 
Unless otherwise specified, all mice used had a mixed C57BL/6-129J back-
ground, and WT littermates were used as controls. All animal experiments 
were approved by the Institutional Animal Care and Use Committee of the  
University of Pennsylvania.

Arthritis induction. K/BxN mice were generated by breeding male KRN 
mice with female NOD mice. K/BxN mouse serum was collected from ani-
mals between 8 and 10 weeks of age. Prior to arthritis induction, the titer 
of each batch of collected serum was analyzed, and optimal serum dose was 
calculated as previously described (28, 42, 43). For induction of arthritis, 

150–200 μl of pooled serum from K/BxN mice was injected i.p. at days 0 
and 2 to 6-week-old recipient mice. In an alternative protocol, arthritis was 
induced in recipient mice by passive transfer of purified total IgGs from 
K/BxN mice (2 mg/mouse i.p.). Ankle thickening was measured by a caliper 
(Mitutoyo), and clinical scores were recorded using previously published 
criteria (29, 44). In some experiments, Cfp–/– mice received freshly purified 
(i.e., not subjected to freezing and thawing) mouse properdin (100 μg/
mouse i.p.) 6 hours before K/BxN serum treatment, and WT mice received 
anti-properdin IgG F(ab′)2 fragments (2 mg/mouse i.p.) 30 minutes before 
each K/BxN serum treatment.

Histology and cytokine assays. H&E staining of the joints was performed as 
described previously (45). In brief, hind limb joints were removed immedi-
ately after mice were euthanized. They were fixed in 4% paraformaldehyde 
overnight and then decalcified in 6% nitric acid for 8 hours. This treat-
ment (fixation and decalcification) was repeated once, and the tissue was 
processed for paraffin embedding. Paraffin blocks were sectioned at 5 μm 
and processed for H&E staining. Histopathological grading was performed 
as previously described (46, 47) using the following morphological param-
eters of synovitis: (a) hyperplasia/enlargement of synovial lining layer; (b) 
degree of inflammatory infiltration; and (c) activation of synovial stroma/
pannus formation. Each parameter was graded as 0, absent; 1, slight; 2, 
moderate; and 3, strong; totals for all 3 parameters ranged from 0 to 9. 
C3 deposition was determined by staining paraffin-embedded slides with 
FITC-conjugated polyclonal goat anti-mouse C3 Abs (MP biomedicals). 
Scoring of C3 staining intensity of the synovium was performed using a 
3-point scoring system as previously described (48). Each slide was scored 
by 2 trained individuals. For each joint sample, 3 separate slides were read, 
and the values were averaged.

To determine intraarticular cytokine levels, hind footpads from arthritic 
mice (days 0, 3, and 8 after K/BxN serum transfer) were cut at the border-
line of fur growth and frozen in liquid nitrogen. Tissues were homogenized 
in 75 mg/ml PBS, and supernatant was prepared for ELISA determination 
of IL-1β, TNF-α, and IL-6 levels. All ELISA kits were from BD Biosciences, 
and assays were performed according to the manufacturer’s instructions.

BM chimera experiment. BM chimeric mice were generated as previously 
described (49, 50). Briefly, BM cells from femurs of 8-week-old male donor 
mice were flushed out with culture medium using a 3-ml syringe (BD Bio-
sciences). 2 × 106 cells were injected into the tail vein of each lethally irra-
diated (950R = 6.3 Gy) syngeneic recipient mouse. We generated 2 main 
types of chimeras, WT→Cfp–/– (n = 4) and Cfp–/–→WT (n = 5). A third type,  
WT→WT (n = 1), was also generated as a control. Chimeric mice were used 
for experiments 3 months after BM transfer.

Purification of mouse properdin. Mouse properdin was purified from pooled 
plasma (Innovative Research) using a modified protocol based on human 
properdin purification (51). Stock solutions of polyethylene glycol (PEG; 
50%) and PMSF (100 mM) were mixed with 50 ml mouse EDTA-plasma to 
give a final concentration of 5% PEG and 0.5 mM PMSF. After centrifuga-
tion at 8,000 g for 30 minutes, the supernatant was removed, and the pellet 
was resuspended in 20 ml buffer A (20 mM phosphate and 20 mM NaCl, 
pH 7.2) and used as a starting material for FPLC column chromatography. 
The sample was first filtered (0.22 μm), and 10 ml each was applied onto a 
HiTrap Q 5-ml column (GE Healthcare) equilibrated in buffer A. The col-
umn flow-through (containing properdin) was subsequently applied onto 
a Mono Q HR 5/5 column (GE Healthcare) equilibrated with buffer A.  
The flow-through fraction was again collected and applied onto a cation 
exchange Mono S HR 5/5 column (GE Healthcare) equilibrated with buf-
fer A. The Mono S column was then washed with a salt gradient (0–300 
mM over 20 minutes) in buffer B (20 mM phosphate and 500 mM NaCl, 
pH 7.2), and 1-ml fractions were collected. Properdin-containing fractions 
were identified by SDS-PAGE and a functional assay of LPS-dependent AP 
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complement activity using Cfp–/– serum as a source of other complement 
components. Briefly, Cfp–/– mouse serum (1:15 dilution) was reconstituted 
with FPLC fractions (1:500 dilution) and tested for AP complement activity 
on LPS-coated ELISA plates, as described previously (21). To estimate the 
properdin concentration in the peak FPLC fractions, an ELISA method was 
developed. Serially diluted FPLC fractions or human properdin standards 
(Quidel) were coated onto a 96-well ELISA plate overnight at 4°C. After 
blocking with 1% BSA in PBS, plate-bound properdin was detected by incu-
bation with a polyclonal goat anti-human properdin Ab (5 μg/ml; Comp 
Tech), followed by incubation with horseradish peroxidase–conjugated rab-
bit anti-goat IgG (1:4000 dilution; Bio-Rad). The result of this ELISA assay 
was consistent with calculations based on OD280 measurement (using 
the extinction coefficient 120,200 M–1cm–1, determined by the ProtParam 
tool; http://www.expasy.org/tools/protparam.html) and typically yielded  
200–300 μg mouse properdin from 50 ml plasma as a starting material.

Production of rabbit anti-mouse properdin Abs. A polyclonal rabbit anti-
mouse properdin Ab was generated by Cocalico using purified mouse pro-
perdin as an immunogen (450 μg/rabbit in 6 immunizations). Reactivity 
of the antiserum was tested by Western blot analysis of WT or Cfp–/– serum. 
Function-blocking property of the antiserum was tested by preincubating 
protein A affinity column–purified IgG or nonimmune (i.e., control) rabbit 
IgG (Sigma-Aldrich) with WT serum (120 μg IgG to 30 μl mouse serum) 
for 60 minutes at 4°C, then assaying LPS-induced AP complement activity. 
To generate anti-mouse properdin IgG F(ab′)2 fragments, 32 mg protein A  
affinity column–purified anti-mouse properdin IgG or control rabbit IgG 
was dialyzed against 0.2M acetate buffer, pH 4.0. The dialyzed samples 
were then mixed with equal volumes of freshly prepared pepsin (Sigma-
Aldrich) solution (0.1 mg/ml  in dialysis buffer). After  incubating for  
12 hours at 37°C, the reaction was stopped by raising the pH to 8.0 using 
2M Tris, pH 8.0. F(ab′)2 fragments from the reaction mixture were puri-
fied by Superose 12 column chromatography and confirmed by molecular 
weights on SDS-PAGE analysis.

Real-time PCR analysis of properdin expression. Single-cell suspension of 
mouse splenocytes was prepared as previously described (52). CD11b+, 
CD19+, and CD90+ cell populations were purified by magnetic beads 
(Miltenyi Biotech) or FACS method (52). Total RNAs were isolated from 
BM cells or splenocytes using TRIzol reagent (Invitrogen). For real-time 

PCR analysis of Cfp mRNA, the Taqman 1-step RT-PCR mix reagent kit 
and a 7300 real-time PCR system (both from Applied Biosystems) were 
used. Relative levels of mouse Cfp mRNA were calculated using Gapdh as a 
control (ΔΔCt method).

Western blot analysis. Mouse serum (2 μl) or PEG-precipitated total 
serum protein (from 12.5 μl, 5% PEG) was boiled in sample buffer and 
loaded onto each lane of a 10% SDS-PAGE gel under reducing condi-
tions. The separated proteins were blotted onto a PVDF membrane, 
which was then probed with rabbit anti-mouse properdin IgG (2 μg/ml) 
for 1 hour, followed by detection with HRP-conjugated goat anti-rabbit 
IgG (1:4000 dilution; Bio-Rad).

Serum complement activity assays. 96-well ELISA plates were coated with 
LPS for AP complement activation assay, as described previously (21). 
Diluted mouse serum (50 μl/well) was incubated on plates at 37°C for  
1 hour, followed by detection of plate-bound activated C3 using HRP-con-
jugated goat anti-mouse C3 Ab (1:4,000 dilution). AP complement activity 
was assayed in Mg++-EGTA GVB++ buffer.

Statistics. Data were analyzed by 2-tailed Student’s  t  test, Wilcoxon/ 
Kruskal-Wallis test, or c2 test as indicated. A P value less than 0.05 was 
considered statistically significant. Data are presented as mean ± SD unless 
otherwise indicated.
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