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unacceptable side effects or lack of effi cacy ( 2, 3 ). It is 
likely that the frequency of such failures could be reduced 
by more reliable target validation strategies in the drug 
development pathway. High-throughput technologies 
have been used extensively to characterize a wide number 
of genes and to gain insight into their functions. In par-
ticular, large-scale profi ling of gene transcription, protein 
expression, protein-protein interactions and in silico data 
mining have been exploited to select potential targets for 
the treatment of human diseases ( 4–8 ). Although such 
data can be very informative, they are often insuffi cient to 
successfully drive a new drug discovery program and to 
set up strategies for therapeutic intervention. Therefore, it 
remains of key relevance to defi ne the activity of the target 
gene product in vivo and clearly demonstrate its specifi c 
functional role in disease development. 

 Cardiovascular disease is one of the leading causes of 
death worldwide ( 9 ). Pro-protein convertase subtilisin-
like/kexin type 9 (PCSK9) has recently emerged as a 
key determinant of liver low density lipoprotein recep-
tor (LDLR) and LDL-cholesterol (LDL-c) plasma levels, 
and consequently of cardiovascular health in humans 
( 10–13 ). PCSK9 belongs to the mammalian pro-protein 
convertase family of serine proteases ( 14, 15 ) and is ex-
pressed predominantly in the liver and small intestine 
( 16 ). Following auto-cleavage in the endoplasmic reticu-
lum (ER), the pro-protein is secreted into the plasma in 
an auto-inhibited form lacking enzymatic activity ( 17–21 ). 
The addition of PCSK9 to cultured cell medium has been 
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  The development of drugs against novel target proteins 
requires a signifi cant commitment in terms of time and 
cost ( 1 ). In many cases, new drugs fail in the clinic due to 
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 Immunization protocol 
 In xeno-DNA protocol mice were electro-injected intramuscu-

larly with pVIJ_hPCSK9 (50 µg/mouse/injection: 3 times at 
2 weeks intervals; days 0, 14, and 28) and CpG adjuvant (50 µg/
mouse/injection; 3 times at 2 weeks intervals; day 7, 21, and 35: 
 Fig. 1 ). A 20-mer (5 ′ -TCCATGACGTTCCTGACGTT-3 ′ ) with a 
nuclease-resistant phosphorothioate backbone, which contains 
two CpG motifs with known immune-stimulatory effects on the 
murine immune response, was used as CpG in the studies we de-
scribe ( 36 ). Control mice were injected only with CpG (50 µg/
mouse/injection; 3 times at 2 week intervals; days 7, 21, and 35). 
For the xeno-protein protocol the hPCSK9 protein formulated 
with CpG (100 µg protein and 50 µg adjuvant) was injected 
subcutaneously at the base of the tail on days 0, 3, 6, and 21. Con-
trol mice were injected only with CpG with the same schedule 
( Fig. 1 ). Both protocols showed a low and comparable reactivity 
in this as well as in other similar experiments for the control 
groups. This prompted us to use in the experiments reported in 
this work a unique “negative-ctrl” group populated by the mice 
from the two groups. 

 Clinical chemical parameters 
 Peripheral blood was collected and direct HDL-c, direct 

LDL-c, and total cholesterol were measured using the ADVIA 1200 
IMS (Bayer Healthcare, Terrytown, NY). 

 ELISA detection of plasma anti-hPCSK9 and 
anti-mPCSK9 serum antibodies 

 Multi-well Maxisorp ELISA plates (Nunc, Roskild, Denmark) 
were coated overnight with PCSK9 protein at a concentration of 
5 µg/ml in 50 mmol/L NaHCO 3  (pH 9.6). Plates were then 
briefl y rinsed with washing buffer (PBST, 0.05% Tween-20 in 
PBS) and incubated for 1 h at 37°C with blocking buffer (3% 
nonfat dry milk in PBST). Serial dilutions of preimmune or im-
mune sera in PBST (ranging from 1:100 to 1/8,100) were added to 
the wells and incubated for 2 h at room temperature. Plates were 
washed and incubated with mAb anti-mouse IgG Fc-specifi c, 
alkaline phospatase (AP)-conjugated (Sigma-Aldrich Inc., St. Louis, 
MO) for 60 min at RT and AP activity detected by incubation 
with AP substrate solution (Sigma-Aldrich Inc., St. Louis, MO) 
in 10% diethanolamine/0.5 mmol/L MgCl 2 . 

 Titers of anti-hPCSK9 antibodies in the serum of immunized 
mice were computed as follows. Experimental data were acquired 
as (A 405nm -A 460nm ) for each dilution of each sample. For each ani-
mal, prebleeds were included in duplicates at a 1:100-fold dilu-
tion together with the serial dilutions. We observed some 
variability in the prebleeds (A 405nm -A 460nm ) between plates, but 
not within each plate. The baseline was therefore determined as 
the mean in addition to 3 standard deviations of the prebleed 
(A 405nm -A 460nm ) for each plate, individually. Data referring to the 
same sample were fi tted by a monotone Hermite spline. Titers 
were defi ned as the dilution at which the spline intersects the 
base line. When this intersection fell outside the dilution inter-
val, titers were reported as the minimal or maximal dilutions, as 
appropriate. 

 Determination of plasma mPCSK9 concentration 
 Plasma mPCSK9 concentration was measured by ELISA as 

previously described ( 37 ). High binding 4HBX plates (Thermo-
Labsystems, Helsinki, Finland) were coated overnight at 4°C with 
50 µl of 10 µg/ml of anti-mPCSK9 A1 antibody. Next day, the wells 
were fi rst blocked for 1 h at room temperature with 250 µl of 
blocking solution (1% BSA and 0.05% Tween-20 in TBS) and 
then washed in a plate-washer. Purifi ed mPCSK9 protein diluted 
in 1% BSA in PBS (as standard) or mouse plasma was added to 

shown to result in LDLR degradation, both overall and 
at the cell surface ( 22, 23 ), and in decreased LDL-c up-
take ( 24 ). Consistently, several groups have reported that 
PCSK9 binds the LDLR ectodomain ( 17–19, 24–27 ) and 
that the complex is then internalized by a clathrin depen-
dent mechanism ( 22 ). Together, these data are consis-
tent with a mechanism whereby PCSK9 acts as a chaperon 
binding LDLR and shuttling the receptor to lysosomes 
for degradation ( 11 ). 

 Genetic knockout (KO) of PCSK9 in mice has been 
shown to result in reduced circulating cholesterol levels, 
increase in liver LDLR levels, and accelerated clearance of 
LDL-c ( 16, 28 ). Conversely, the introduction into mouse 
circulation of PCSK9 through parabiosis or by intravenous 
injection of the recombinant protein caused a strong re-
duction in hepatic LDLR levels ( 22, 29, 30 ) suggesting 
that plasma PCSK9 can act by binding to the receptor on 
the cell surface in vivo. Consistently, injection of neutral-
izing monoclonal antibodies (mAb) that binds PCSK9 and 
interfere with the PCSK9/LDLR interaction has been 
shown to decrease LDL-c by 70 to 80% in the nonhuman 
primate cynomologus monkey ( 31–33 ) and 65% in a hu-
man trial ( 34 ). 

 Here, we describe an immunological knockdown 
(IKD) method, a novel approach for the in vivo valida-
tion and functional study of endogenous gene products. 
This method relies on the ability to elicit a transient hu-
moral response against the selected endogenous target 
protein. We show that this polyclonal response does in-
clude antibodies, which specifi cally bind to the target 
protein and effectively neutralize its activity. We applied 
the IKD method to the in vivo validation of plasma 
PCSK9 as a potential target in the treatment of elevated 
levels of plasma LDL-c. 

 EXPERIMENTAL PROCEDURES 

 Immunogens 
 Full-length human and mouse PCSK9 (indicated as hPCKS9 

and mPCKS9, respectively) cDNAs were amplifi ed from human 
or mouse fetal liver, respectively, and cloned under the transcrip-
tional control of human cytomegalovirus (CMV) promoter in 
pVIJ expression plasmid ( 35 ). A pVIJ_hPCSK9 and pVIJ_mPCSK9 
derivatives with C-terminal V5 and 6-His epitope tags were ex-
pressed in stably transfected HEK293 cell lines and purifi ed as 
previously described ( 24 ). 

 Animal studies 
 Female BALB/c and C57BL6 mice were bred under specifi c 

pathogen-free conditions by Charles River Breeding Laborato-
ries (Calco, Como, Italy). In all operations, mice were treated 
in accordance with European guidelines. Animals were main-
tained in standard conditions under a 12 h light-dark cycle, 
provided irradiated food (Mucedola, Settimo Milanese, Italy) 
and water ad libitum. Six-week-old mice were fully anesthe-
tized with ketamine (Merial Italia, Milano, Italy) at 100 mg/kg 
of body weight and xylazine (BIO 98, Bologna, Italy) at 5.2 mg/kg. 
The immunization experiments were all performed at the 
I.R.B.M. Laboratory Animal Research, which has full AAALAC 
accreditation. 
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detectable antibody response against the target mPCSK9 
protein in both mouse strains as assessed by ELISA (data 
not shown). 

 In a second set of experiments, a xenogeneic approach 
was evaluated by inducing expression of the hPCSK9 pro-
tein, which is 78% identical to mPCSK9. Six-week-old 
female BALB/c or C57BL6 mice were immunized by electro-
injecting into the quadriceps muscles a DNA plasmid ex-
pressing hPCSK9 under the control of the human CMV 
promoter (pVIJ-hPCSK9). The DNA plasmid injections 
were performed at days 0, 14 and 28 and the CpG adjuvant 
injections were performed at days 7, 21 and 35 (xeno-DNA 
protocol;   Fig. 1  ). As a negative control, a second group of 
mice was injected only with CpG adjuvant at days 7, 21 and 
35 (DNA-ctrl protocol;  Fig. 1 ). High titers of anti-hPCSK9 
antibodies were detected by ELISA as early as 14 days 
after immunization (data not shown) and a fraction of 
these antibodies was also shown to cross-react with the 
mPCSK9 protein (  Fig. 2  ). Similar effects were observed 
in BALB/c and C57BL6 mice. However, because anti-
mPCSK9 titers were higher in BALB/c than in C57BL6 
mice (data not shown), the former mouse strain was used 
for further immunizations.  

 To compare the effi cacy of protein versus DNA immuni-
zation protocols, we performed a third set of experiments 
in which BALB/c mice were immunized by injection of 
highly purifi ed hPCSK9 (xeno-protein protocol;  Fig. 1 ). 
Recombinant hPCSK9 protein formulated with CpG ad-
juvant was subcutaneously injected at the base of the mice 
tail at days 0, 3, and 6, followed by a fourth injection at day 
21. In a control experiment, mice were similarly injected 
only with CpG at days 0, 3, 6, and 21 (protein-ctrl). Four-
teen days after the beginning of the immunization proto-
col, a very strong anti-hPCSK9 response was detected by 
ELISA in the serum of mice immunized with the hPCSK9 
protein but not in the control animals (data not shown). 
As previously observed for the xeno-DNA vaccination 

the wells and incubated at 37°C for 2 h followed by a washing 
step. Then, 100  � l of 1 µg/ml biotinylated anti-mPCSK9 Fab A2, 
was added to the plate and after an additional washing step, 75 µl 
of 1:1,000 Streptavidin/Europium (Perkin Elmer, Waltham, MA) 
was added. Plates were incubated at room temperature for 
20 min, followed by a last washing step and the addition of 100 µl 
of DELFIA enhancer (Perkin Elmer, Waltham, MA). After 1 h, 
the plates were read with a Europium reader. 

 Western blot analysis of mLDLR 
 Liver expression of mouse LDLR was evaluated by Western 

blot analysis and immunohistochemical staining. Liver crude 
protein extracts were prepared using RIPA Lysis buffer 500  � l 
per mg tissue (Santa Cruz Biotechnology Inc., Santa Cruz, CA) 
with phenylmethylsulfonyl fl uoride  , sodium orthovanadate, and 
proteinase inhibitors. NuPAGE 4-12% Bis-Tris gels (Life Tech-
nologies, Carlsband, CA) were loaded with 50  � g protein per 
lane. Blotted proteins were developed using a FITC-labeled anti 
mlDLR goat IgG (R and D Systems, Minneapolis, MI) diluted in 
primary Ab diluent buffer. FITC-labeled anti-Tubulin (Sigma, St 
Louis, MO) mouse mAb 3 was used to normalize data. Quantifi -
cation of bands on X-Ray was made with ImageReader LAS 3000 
(Fujifi lm, Tokio, Japan). 

 Immunohistochemical staining for mouse LDLR 
 Tissues were fi xed in 10% buffered formalin and embedded in 

paraffi n. Sections of 10 µl were obtained using a microtome, 
cleared in xylol, and rehydrated. The unmasking procedure was 
carried out by incubating the samples in 10 × antigen retrieve 
solution (DAKO, Glostrup, Denmark) at 99°C for 40 min. After 
rinsing in PBS, the sections were incubated with blocking solu-
tion (15  � l goat serum in 1 ml PBS) for 30 min at RT and then 
without additional rinse, immediately incubated with rabbit poly-
clonal anti-LDLR (Abcam Inc., Cambridge, UK) for 1 h at room 
temperature. Samples were then rinsed in PBS and incubated 
with goat anti-rabbit IgG Peroxidase-conjugated antibody (Sigma-
Aldrich Inc., St. Louis, MO) at the dilution of 1:200 for additional 
60 min. After rinsing in PBS, the sections were stained with the 
diaminobenzidine staining kit (Vector Laboratories Inc., Burl-
ingame, CA) and nuclei were stained with hematoxylin. The 
sections were dehydrated and mounted with Entellan (Merck 
KGaA, Darmstadt, Germany). 

 Statistical analyses 
 Differences in antibody titers were assessed using Wilcoxon’s 

rank sum test due to lack of normality. Differences in LDL-c, 
HDL-c, cholesterol, and triglycerides levels were assessed using 
Welch’s  t -test. Normality assumptions were confi rmed using the 
Shapiro-Wilk test. Correlations were assessed using Spearman’s 
rank test. All reported  p -values are two-sided. 

 RESULTS 

 Breaking tolerance against endogenous mouse PCSK9 
protein 

 We explored different immunization protocols for their 
ability to raise antibodies against endogenous PCSK9 pro-
tein in mice. In a fi rst set of experiments, BALB/c or C57BL6 
mice were immunized by electro-injecting into the quad-
riceps muscles a DNA plasmid expressing mPCSK9 under 
the control of the human CMV promoter (pVIJ-mPCSK9), 
in conjunction with a CpG oligonucleotide adjuvant ( 35, 36 ). 
As expected, this syngeneic immunization failed to elicit a 

  Fig.   1.  Schematic description of the immunization protocols 
tested. The leftmost column indicates the name of the protocol. 
Black-fi lled squares, gray-fi lled triangles, and white-fi lled circles 
refer to injection of hPCSK9 protein, plasmid DNA expressing 
hPCSK9, or CpG oligonucleotide adjuvant, respectively. ES, electri-
cal stimulation. Time of analysis is indicated by an asterisk.   
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Strikingly, compared with the starting levels, at day 14, cir-
culating LDL-c was reduced by 60% and remained consis-
tently lower than in control mice for at least 8 weeks and 
approximately 35% lower than the initial value even at day 
42 ( Fig. 3C ). The above changes were highly statistically 
signifi cant ( P  < 0.0001 for all). 

 A similar though milder phenotype was obtained in mice 
immunized with plasmid-DNA expressing the human 
protein where reduced levels of total cholesterol, HDL-c, 
and LDL-c ( P  = 0.005,  P  = 0.01, and  P  = 0.0001, respec-
tively) were observed. These levels returned to their basal 
values by day 28 for LDL-c, HDL-c and total cholesterol 
( Fig. 3A–C ). In contrast to the reduced cholesterol levels, 
in both protein- or DNA-immunized mice the triglycer-
ide levels, did not signifi cantly vary throughout the same 
period ( Fig. 3D ). Together these data demonstrate that 
immunization of mice with hPCSK9 protein results in an 
acute decrease of serum cholesterol. 

 Cholesterol levels inversely correlate with anti-mouse 
PCSK9 antibody titers in immunized mice 

 Analysis of the anti-mPCSK9 antibody levels reported 
above reveals that at day 14, the average antibody titers from 
mice immunized with the protein protocol were higher 
than the average titers measured on the DNA-immunized 
group ( Fig. 2 ). Consistently, the average level of circulat-
ing LDL-c in mice immunized with the protein protocol 
was 49% lower than that measured in the DNA-immunized 
group which, in turn, was 23% lower of the average LDL-c 
level in the control-DNA group mice ( Fig. 3C ). Furthermore, 

protocol, a fraction of these antibodies cross-reacted with 
the endogenous mouse protein ( Fig. 2 ). Of note, anti-
mPCSK9 titers in the xeno-protein group were consistently 
higher than titers in the xeno-DNA group on days 14, 28, 
and 42 ( P  < 0.002,  P  < 0.001, and  P  = <0.017, respectively). 
At later times, this difference tended to decrease but it was 
still statistically signifi cant at day 42. In addition the anti-
body titers in both groups differed strongly from those in 
the control animals at all time points ( P  < 0.001) demon-
strating that there was no relevant effect of the CpG adju-
vant alone ( Fig. 2 ). 

 PCSK9 immunization decreases circulating cholesterol 
levels in mice 

 Mice immunized by electro-injection of pVIJ-hPCSK9 
plasmid-DNA and those immunized by the injection of the 
recombinant hPCSK9 protein formulated with CpG adju-
vant (same protocol described in  Fig. 1 ) were monitored 
every 14 days for total cholesterol, HDL-c, LDL-c, and trig-
lyceride levels (days 0, 14, 28, 42, and 56). Two weeks after 
the fi rst injection, mice immunized with hPCSK9 protein 
showed total cholesterol levels reduced by 40% (  Fig. 3A  ).  
Subsequently, the total cholesterol concentration gradu-
ally increased but after 42 days was still reduced by 28% 
compared with day 0. The level of HDL-c, the most abun-
dant cholesterol fraction in mice, paralleled that of total 
cholesterol with a reduction of 42% and 22% of the ini-
tial HDL-c value at days 14 and 42, respectively ( Fig. 3B ). 

  Fig.   2.  Immunization with hPCSK9 elicits humoral response 
against the mouse endogenous gene product. Anti-mPCSK9 anti-
body titers were measured by ELISA in the serum of mice immu-
nized according to the xeno-DNA (gray triangles) or xeno-protein 
(black squares) protocol. The corresponding negative controls 
(DNA-ctrl and protein-ctrl) showed a low and comparable reactiv-
ity in this as well as in the other reported experiments. We there-
fore referred to them as a unique group indicated a “negative-ctrl” 
(empty circles). Dashed lines indicate the dilution interval used 
as described in Materials and Methods. Data falling outside this 
interval were reported as the minimal or maximal dilution as 
appropriate.   

  Fig.   3.  Lipoprotein levels upon immunization. Total cholesterol 
(A), HDL-c (B), LDL-c (C) and triglycerides (D) were monitored 
every 14 days after the immunization start (days 0, 14, 28, 42, 56). 
Display items report data derived from the analysis of sera of mice 
immunized according to xeno-protein (black squares), to xeno-
DNA (gray triangles), and negative-ctrl (empty circles). Bars indi-
cate SEM.   
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 Hepatic LDLR levels increase in mice with high 
anti-mPCSK9 antibodies titers 

 Introduction of mPCSK9 into mice by parabiosis or 
by injection has been shown to strongly decrease he-
patic LDLR levels ( 22, 29 ). Therefore, we sought to de-
termine the effect of the immunization against PCSK9 
on the levels and cellular distribution of the LDLR pro-
tein in the liver of mice from the protein and control 
immunization groups. In a fi rst experiment, liver pro-
tein extracts from both groups were fractionated and 
blotted on a nitrocellulose fi lter. The LDLR was visual-
ized by Western blotting with an anti-LDLR antibody 
and was quantifi ed by densitometry scanning of the 
auto-radiogram (  Fig. 5A , B ).  The level of hepatic LDLR 
protein was 2.1-fold higher in the immunized mice com-
pared with the control group. Immuno-histochemistry 
analyses of the same liver samples were also performed. 
Using an anti-LDLR antibody, hepatic cell samples from 
the control group of mice showed a comparable stain-
ing of the cytoplasm and cell membrane, whereas sam-
ples from hPCSK9-immunized mice showed an enhanced 
staining at the membrane ( Fig. 5C, D ). Thus, our analysis 
reveals an increase in the cell surface levels of LDLR in 
immunized versus control mice, in line with the predicted 

in immunized mice, an inverse correlation between LDL-c 
levels and anti-mPCSK9 antibodies titers was observed 
with anti-mPCSK9 antibodies and LDL-c levels being 
respectively at the highest and lowest levels in the pro-
tein-immunized mice (  Fig. 4  ).  Thus, the immunization 
procedure using the hPCSK9 protein and, to a lesser 
extent, the hPCSK9 DNA elicited high anti-mPCSK9 titers 
that directly correlate with the reduction in plasma LDL-c 
levels. 

 Circulating mPCSK9 protein levels in immunized mice 
 To monitor the variation on immunization in the levels of 

circulating mPCSK9, we used a highly sensitive ELISA ( 37 ). 
This assay uses a biotinylated mPCSK9-specifi c fragment 
binding antigen (Fab) and a neutralizing mAb that com-
petes with LDLR/PCSK9 binding and allows an accurate 
detection of plasma mPCSK9. Two groups of mice each 
were immunized with hPCSK9 protein formulated with 
CpG or with CpG only and plasma mPCSK9 levels in the two 
groups were measured at day 14. In the control mice, the 
average level of detected circulating mPCSK9 was 238 ng/ml 
(SD = 50 ng/ml) whereas in the protein-immunized mice, 
the average level was signifi cantly decreased (84 ng/ml; 
SD = 32 ng/ml). In line with previous experiments, circulating 
LDL-c was strongly reduced in immunized versus control 
mice and sustained antibody reactivity was observed against 
mPCSK9 in immunized but not in control mice. Thus, 
the vaccination protocol with hPCSK9 protein results in 
a marked decrease of circulating mPCSK9. 

  Fig.   4.  Correlation between LDL-c levels, anti-mPCSK9 antibody 
titers, and plasma mPCSK9 concentration in immunized mice. 
Correlation plot of circulating LDL-c levels with anti-mPCSK9 Ab 
titers measured at day 14 after immunization start according to 
xeno-protein (black squares), xeno-DNA (gray triangles; n = 10), 
and negative-ctrl (empty circles). Dashed lines indicate the dilu-
tion interval. Data falling outside this dilution interval were re-
ported as the minimal or maximal dilution as appropriate. A 
signifi cant anticorrelation was observed among LDL-c and the anti-
mPCSK9 antibodies in immunized and in control mice ( � = � 0.79; 
 P  = 1.4e-9  ).   

  Fig.   5.  Levels and cellular distribution of LDLR in livers of immu-
nized mice. A, B: Liver extracts from mice immunized performed 
according to control-protein (samples 1–5) or xeno-protein (samples 
6–10) protocol were separated by SDS-PAGE and blotted onto a 
nitro-cellulose fi lter. Following incubation with FITC-labeled anti-
LDLR (A) or anti-tubulin (B) antibody, the bands corresponding 
to LDLR or  � -tubulin proteins were visualized by autoradiography. 
The LDLR signal was measured by densitometric scanning and 
normalized on the corresponding  � -tubulin signal. C, D: Cellular 
distribution of LDLR in immunized mice. Immuno-histochemistry 
analysis was performed on liver samples obtained from the same 
mice immunized with control (C) or xeno-protein (D) protocol using 
rabbit anti-LDLR antibodies detected by anti-rabbit IgG peroxidase-
conjugated antibodies.   
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Western blot comparisons of liver samples from immunized 
and control mice. Furthermore, a 40% decrease in total 
and plasma HDL-c and an approximately 60% decrease in 
LDL-c at day 14 were observed. The normal plasma LDL 
levels for BALB/c mice are generally very low but never-
theless the decrease in LDL-c concentration on hPCSK9 
immunization is statistically signifi cant and consistent with 
what was reported for  PCSK9  KO mice ( 28 ) and in both 
nonhuman primates and humans injected with mAbs that 
interfere with the PCSK9/LDLR interaction ( 28, 31, 32, 
34, 37 ). In addition, both the decrease in plasma lipopro-
tein levels and the increase in hepatic LDLR levels are 
similar to what was observed in  PCSK9  KO mice and in 
mice treated with a neutralizing mAb against PCSK9 ( 16, 
28, 31–33, 37 ). Of note, a similar decrease in HDL-c was 
previously reported for  PCSK9  KO mice ( 28 ) and in mice 
injected with a neutralizing antibody against PCSK9 ( 33 ). 
Mouse HDL-c contains apo-E, which allows it to bind to 
LDLR possibly resulting in decreased plasma HDL-c levels 
upon increase in liver LDLR levels caused by antibody me-
diated PCSK9-inhibition ( 28, 33 ) 

 The decrease in LDL-c, increase in hepatic LDLR, and 
high anti-mPCSK9 titers were paralleled by a decrease in 
functionally active plasma mPCSK9. Using an ELISA that 
detects mPCSK9, we observed that 14 days after immuniza-
tion, the concentration of detected circulating protein was 
decreased by 66% from 238 ng/ml, a value in the range of 
hPCSK9 observed in human plasma (50–600 ng/ml) ( 22 ), 
to 83 ng/ml. The ELISA uses an immobilized mAb that 
competes with the PCSK9/LDLR interaction, suggesting 
that a portion of the circulating mPCSK9 protein being 
detected might be still functional in LDLR binding and 
downregulation. One caveat of the ELISA is that plasma 
mPCSK9 molcules bound to antibodies that interfere with 
binding to the biotinylated anti-mPCSK9 Fab used in the 
development step are not detected and, as a result, the 
concentration of circulating and possibly functionally ac-
tive plasma mPCSK9 protein in the immunized mice might 
be slightly underestimated. Taken together, these results 
suggest that it might not be necessary to completely inhibit 
circulating PCSK9 to have a robust KO-like effect on he-
patic LDLR and plasma LDL-c levels. 

 In our experiment, we broke tolerance in mice using 
the human antigen. Similarly, antigens from different species 
might be effectively used. Of note, we and others have 
reported that just one amino-acid difference between the im-
munizing antigen and the endogenous mouse protein can 
suffi ce to elicit antibodies that cross-react with the mouse 
protein and remove it from the circulation ( 43, 44 ). Although 
we did not directly assess the anti-PCSK9 T-cell response 
in these mice, intact liver histology and lack of lymphocyte 
infi ltration suggest that the main mechanism of action is 
not destruction of PCSK9 expressing cells but rather is anti-
body-mediated protein neutralization and possibly clear-
ance. This mechanism is supported by the higher potency 
of protein versus DNA immunization as the fi rst approach is 
known to induce mainly a B-cell response. 

 Several therapeutic strategies are being evaluated to in-
hibit PCSK9 in vivo ( 12, 31, 37, 40–42 ). The results presented 

functional activity of PCSK9 on the receptor and in 
agreement with the previous observations in PCSK9 KO 
mice ( 16 ). 

 DISCUSSION 

 An essential step in the validation of a gene product as a 
target for therapeutic intervention is to assess the effects 
of its functional inhibition in vivo. A popular route to ob-
tain this information is to create genetic KO mice where 
expression of a target gene product is abrogated by the 
deletion of the gene itself. Generating KO mice, however, 
requires time that cannot be easily reduced. A number 
of additional experimental approaches have been devel-
oped to target selected genes, including antisense oligo-
nucleotides and small interfering RNA (siRNA). These are 
effi cient, specifi c, and relatively nontoxic reagents. How-
ever, the delivery of these compounds into specifi c cells/
organs is still a challenge and represents an obstacle in 
many cases ( 38 ). 

 An additional limitation of all these approaches is that 
they are based on the deletion of the gene or its tran-
scribed product, which results in a reduction in the levels 
of expression of the target protein. Moreover, the obtained 
phenotype refl ects their genetic origin and could differ 
from that induced by the pharmacological inhibition of 
the corresponding gene product in vivo .  In contrast, it can 
be argued that the validation of a target protein is best 
done by modulating its activity, not its expression level, 
because this more closely mimics the effects of pharmaco-
logical intervention. 

 Here, we described an IKD method as a novel nonge-
netic approach for functional characterization and target 
validation in vivo. This method is based on raising an 
antibody-based immune response against a specifi c tar-
get, thus resulting in its inhibition. As such, this strategy 
is suitable for the in vivo functional validation of circulat-
ing proteins or proteins exposed on the extracellular sur-
face. We applied IKD to the study of PCSK9, a potential 
target for the development of new LDL-c lowering agents 
( 12, 39–42 ), and reported the effects of functional inhi-
bition of endogenous circulating plasma PCSK9 on he-
patic LDLR and plasma cholesterol levels. 

 We explored two immunization protocols in mice to as-
sess the effects of both DNA and protein-based vaccination 
approaches in the inhibition of endogenous circulating 
PCSK9 and for the treatment of hyperlipidimia. Prelimi-
nary experiments revealed, as expected, that immuniza-
tion with syn-DNA was ineffective in raising a detectable 
antibody response against the target mPCSK9 protein in 
mice. Moreover, analysis of the antibody titers raised by 
the xeno-protein and xeno-DNA immunization protocols 
revealed that although both approaches were effective in 
raising anti-mPCSK9 antibodies in mice, the titers and ef-
fects on LDL-c levels were higher when the recombinant 
hPCSK9 protein was used. 

 In the xeno-protein immunization protocol, the strong 
antibody response against hPCSK9 was accompanied by a 
2-fold increase in the hepatic LDLR levels as revealed by 
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here suggest that the IKD approach provides an effective 
method to transiently inhibit the activity of a desired gene 
product in vivo, thus mimicking the phenotype that might 
be achieved pharmacologically and enabling the rapid 
validation of a new target protein. Finally, we want to high-
light the potential offered by the IKD strategy in estab-
lishing an active immunotherapy. This objective clearly 
requires a more detailed characterization of the system 
(including safety, specifi city, effi ciency, etc.), which is be-
yond the scope of this work. However, the data we report 
here suggest that the anti-self immune-response could be 
tamed and might be used as therapeutic tool. Such an ap-
proach would likely require fewer injections and would be 
less costly than a passive immunotherapy potentially allow-
ing for a broader use.  
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