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Reviewing Division: Division of Metabolism and Endocrinology Products

Introductory Comments: The pharmacology/toxicology reviewer and supervisor 
concluded that the nonclinical data support approval of PRALUENT (alirocumab) for the 
indication listed above. 

Alirocumab is a human IgG1 monoclonal antibody that binds to human PCSK9 
(Proprotein Convertase Subtilisin Kexin Type 9). The recommended Established 
Pharmacologic Class for alirocumab is PCSK9 inhibitor antibody. There are no approved 
products in this class currently.

An appropriate nonclinical program was conducted by the sponsor to support approval of 
alirocumab. Alirocumab elicited expected pharmacological responses in rats, hamsters, 
and monkeys; alirocumab lowered total cholesterol and LDL-cholesterol in the species
tested and decreased HDL-cholesterol in rats and hamsters. 

The primary nonclinical toxicity studies of alirocumab were conducted in rats and 
monkeys for up to 6 months duration with weekly subcutaneous and intravenous dosing. 
No significant adverse findings were observed at the doses tested which achieved 
exposure multiples up to 11-fold in rats and 103-fold in monkeys compared to the 
maximum recommended human dose of 150 mg alirocumab administered subcutaneously 
once every two weeks. Findings in the liver and adrenal glands of rats were associated 
with exaggerated pharmacologic effects. Combination toxicity studies in monkeys were 
conducted with atorvastatin for up to 3 months duration; no additive or synergistic effects 
on statin-induced toxicities were observed. The production rates of neutralizing anti-drug 
antibodies did not compromise the toxicological assessment of alirocumab in any study.

Genetic toxicity studies were not applicable for this program. Although the conduct of a 
carcinogenicity study in rats was likely feasible, the sponsor’s request for a waiver was 
granted based on lack of evidence for carcinogenic concern based on data provided by the 
sponsor and published literature. The carcinogenicity assessment was based on a weight-
of-evidence approach including the absence of a link between PCSK9 inhibition and 
immune suppression, changes in bile acid load in the intestine or cancer, the absence of a 
link between lowering cholesterol and immune suppression or cancer, and the absence of 
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neoplastic or pre-neoplastic lesions in the toxicology studies conducted with alirocumab. 
Additionally, the sponsor addressed hypothetical concerns related to an increased risk of 
hepatocellular carcinoma secondary to CD81-dependent HCV infection in separate in 
vitro and in vivo studies.

Reproductive and developmental toxicity studies were conducted in rats and monkeys; no 
teratogenic effects were observed at exposure margins of 12-fold and 81-fold, 
respectively. Alirocumab did not produce any effect on fertility parameters evaluated as 
part of the 6-month toxicity study in monkeys. No developmental effects were observed 
in an embryo-fetal development study in rats; maternal toxicity (lethality) was observed 
at the highest dose tested. In an expanded developmental study in monkeys in which 
offspring were followed into infancy for 6 months, dose-related decreases in T-cell 
dependent antibody response to a known antigen were observed in infant monkeys at 
both doses tested (< 13-fold exposure margin based on plasma exposure). Alirocumab 
was detected in serum samples from infants of monkeys treated with the drug and may 
have been present at low levels during time points of the T-cell dependent antibody 
response assay. The findings in monkeys were discussed with the clinical review team 
and the Division of Pediatric and Maternal Health; the clinical relevance is currently 
unclear.

Conclusions:
I agree with the division pharmacology/toxicology conclusion that this BLA can be 
approved from the pharmacology/toxicology perspective. I agree that it is appropriate to 
waive the genetic toxicology and carcinogenicity studies for this drug. The proposed EPC 
seems appropriate. I have discussed the labeling revisions regarding the relevant 
nonclinical sections with the Division.

Reference ID: 3791584



---------------------------------------------------------------------------------------------------------
This is a representation of an electronic record that was signed
electronically and this page is the manifestation of the electronic
signature.
---------------------------------------------------------------------------------------------------------
/s/
----------------------------------------------------

TIMOTHY J MCGOVERN
07/14/2015

Reference ID: 3791584



 
 

1 

DEPARTMENT OF HEALTH AND HUMAN SERVICES 
PUBLIC HEALTH SERVICE 

FOOD AND DRUG ADMINISTRATION 
CENTER FOR DRUG EVALUATION AND RESEARCH 

 
 

PHARMACOLOGY/TOXICOLOGY NDA/BLA REVIEW AND EVALUATION 
 

Application number: 125559 

Supporting document/s: SDN1, SN0000 (eCTD) 

Applicant’s letter date: 24 November 2014 

CDER stamp date: 24 November 2014 

Product: Alirocumab (Praluent®) 

Indication: Adult patients with primary hypercholesterolemia 

(non-familial and heterozygous familial) or mixed 

dyslipidemia 

Applicant: Sanofi and Regeneron Pharmaceuticals, Inc.  

Review Division: Division of Metabolism and Endocrinology 

Products 

Reviewer: C. Lee Elmore, PhD 

Supervisor/Team Leader: Karen Davis-Bruno, PhD 

Division Director: Jean-Marc Guettier, MD 

Project Manager: Patricia Madara 

Definitions:  

HDL-C, high-density lipoprotein cholesterol; HeFH, heterozygous familial 

hypercholesterolemia; LDL-C, low-density lipoprotein cholesterol; LDLR, low density 

lipoprotein receptor; MAb, monoclonal antibody; PCSK9, proprotein convertase 

subtilisin/kexin type 9; TDAR, T-cell dependent antibody response (assay)

Reference ID: 3746732



BLA #125559  Reviewer: C Lee Elmore, PhD 
 

2 

TABLE OF CONTENTS 
 

1  EXECUTIVE SUMMARY ......................................................................................... 5 

1.1  INTRODUCTION .................................................................................................... 5 
1.2  BRIEF DISCUSSION OF NONCLINICAL FINDINGS ...................................................... 5 
1.3  RECOMMENDATIONS ............................................................................................ 7 

2  DRUG INFORMATION .......................................................................................... 11 

2.1  DRUG ............................................................................................................... 11 
2.2  RELEVANT INDS, NDAS, BLAS AND DMFS ......................................................... 13 
2.3  DRUG FORMULATION ......................................................................................... 13 
2.4  COMMENTS ON NOVEL EXCIPIENTS ..................................................................... 14 
2.5  COMMENTS ON IMPURITIES/DEGRADANTS OF CONCERN ....................................... 14 
2.6  PROPOSED CLINICAL POPULATION AND DOSING REGIMEN .................................... 15 
2.7  REGULATORY BACKGROUND .............................................................................. 15 

3  STUDIES SUBMITTED .......................................................................................... 16 

3.1  STUDIES REVIEWED ........................................................................................... 16 
3.2  STUDIES NOT REVIEWED ................................................................................... 16 
3.3  PREVIOUS REVIEWS REFERENCED ...................................................................... 16 

4  PHARMACOLOGY ................................................................................................ 16 

4.1  PRIMARY PHARMACOLOGY ................................................................................. 16 
4.2  SECONDARY PHARMACOLOGY ............................................................................ 23 
4.3  SAFETY PHARMACOLOGY ................................................................................... 28 

5  PHARMACOKINETICS/ADME/TOXICOKINETICS .............................................. 31 

5.1  PK/ADME ........................................................................................................ 31 
5.2  TOXICOKINETICS ............................................................................................... 35 

6  GENERAL TOXICOLOGY ..................................................................................... 35 

6.1  SINGLE-DOSE TOXICITY ..................................................................................... 35 
6.2  REPEAT-DOSE TOXICITY .................................................................................... 36 

7  GENETIC TOXICOLOGY ...................................................................................... 90 

8  CARCINOGENICITY ............................................................................................. 90 

9  REPRODUCTIVE AND DEVELOPMENTAL TOXICOLOGY ................................ 98 

9.1  FERTILITY AND EARLY EMBRYONIC DEVELOPMENT ............................................... 98 
9.2   EMBRYONIC FETAL DEVELOPMENT AND PRENATAL AND POSTNATAL DEVELOPMENT 99 

10  SPECIAL TOXICOLOGY STUDIES ................................................................. 132 

11  INTEGRATED SUMMARY AND SAFETY EVALUATION ............................... 133 

 

Reference ID: 3746732



BLA #125559  Reviewer: C Lee Elmore, PhD 
 

3 

Table of Tables 

Table 1: Formulation for alirocumab solution for injection ............................................. 14 
Table 2: IC50 values for alirocumab inhibition of various PCSK9-LDLR interactions ..... 22 
Table 3: Alirocumab binding kinetics for human, monkey, mouse, hamster and rat 
PCSK9 .......................................................................................................................... 22 
Table 4: Summary pharmacokinetics for single dose administration of alirocumab in rats
 ...................................................................................................................................... 31 
Table 5: Mean pharmacokinetics after single dose administration of alirocumab in 
monkeys ........................................................................................................................ 34 
Table 6: Study design for a 26-week toxicity study with alirocumab in rats with a 19 
week recovery period (main study groups) .................................................................... 38 
Table 7: Summary toxicokinetics for a 26-week rat toxicity study with alirocumab ........ 52 
Table 8: Study design for a 26-week intravenous and subcutaneous toxicity study with 
alirocumab in cynomolgus monkeys with a 13-week recovery period ........................... 58 
Table 9: Anti-drug antibody positivity in monkeys administered alirocumab for 6 months
 ...................................................................................................................................... 66 
Table 10: Summary toxicokinetics for a 26-week monkey toxicity study ....................... 67 
Table 11: Study design for a 13-week toxicity study in monkeys with alirocumab 
coadministered with atorvastatin in monkeys with a 16 week recovery period .............. 69 
Table 12: Incidence of injection site redness during a 3-month combination toxicity study 
with alirocumab and atorvastatin in female monkeys .................................................... 76 
Table 13: Summary alirocumab toxicokinetics for a 13-week toxicity study of alirocumab 
coadministered with atorvastatin in monkeys ................................................................ 84 
Table 14: Summary atorvastatin toxicokinetics for a 13-week toxicity study of 
alirocumab coadministered with atorvastatin in monkeys .............................................. 84 
Table 15: Evidence PCSK9 LOF mutations not associated with increased cancer risk 94 
Table 16: Evidence PCSK9 LOF mutations not associated with increased cancer risk 95 
Table 17: Study design for a subcutaneous embryo-fetal toxicity study in rats ........... 100 
Table 18: Maternal deaths in the embryofetal toxicity study in rats ............................. 102 
Table 19: Summary of female gross pathology in the embryo-fetal toxicity study - 
unscheduled deaths (data for toxicokinetic animals not shown) .................................. 103 
Table 20: Summary of female gross pathology in the embryo-fetal toxicity study - 
terminal necropsy (data for toxicokinetic animals not shown) ..................................... 104 
Table 21: Skeletal findings in an embryofetal toxicity study in rats .............................. 105 
Table 22: Abortion and embryo-fetal loss in pregnant monkeys subcutaneously 
administered alirocumab in an enhanced pre/postnatal developmental toxicity study 117 
Table 23: Serum lipid parameters for monkeys subcutaneously administered alirocumab 
in an enhanced pre/postnatal developmental toxicity study ........................................ 118 
Table 24: Summary toxicokinetics for pregnant monkeys subcutaneously administered 
alirocumab in an enhanced pre/postnatal developmental toxicity study ...................... 119 
Table 25: Group mean alirocumab concentrations for pregnant monkeys 
subcutaneously administered alirocumab in an enhanced pre/postnatal developmental 
toxicity study ................................................................................................................ 120 
Table 26: Group mean alirocumab concentrations for infant monkeys exposed to 
alirocumab in utero in an enhanced pre/postnatal developmental toxicity study ......... 120 

Reference ID: 3746732



BLA #125559  Reviewer: C Lee Elmore, PhD 
 

4 

Table 27: Monkeys demonstrating anti-drug antibodies in the enhanced pre/postnatal 
developmental study ................................................................................................... 121 
Table 28: Infant body weights in an enhanced pre/postnatal development toxicity study
 .................................................................................................................................... 122 
Table 29: Selected morphometric parameters in an enhanced pre/postnatal 
development toxicity study .......................................................................................... 123 
Table 30: Statistical analysis of TDAR assay results in an enhanced pre/postnatal 
development study in monkeys ................................................................................... 126 
Table 31: Gross pathological observations in stillborn infants in an enhanced 
pre/postnatal developmental study in monkeys ........................................................... 129 
Table 32: Safety margins for nonclinical assessment of alirocumab ........................... 142 
 
Table of Figures 
Figure 1: Structural representation of alirocumab ......................................................... 12 
Figure 2: Amino acid sequence of alirocumab .............................................................. 13 
Figure 3: PCSK9-mediated degradation of LDLR ......................................................... 17 
Figure 4: Cellular regulation of cholesterol homeostasis ............................................... 18 
Figure 5: Antibody-mediated inhibition of PCSK9 increases LDLR ............................... 19 
Figure 6: Alirocumab restores LDL-C uptake in HepG2 cells exposed to human PCSK9
 ...................................................................................................................................... 21 
Figure 7: Alirocumab restores LDL-C uptake in HepG2 cells exposed to monkey, 
mouse, rat, and hamster PCSK9 ................................................................................... 21 
Figure 8: Total cholesterol in hamsters administered alirocumab ................................. 23 
Figure 9: LDL-C in hamsters administered alirocumab ................................................. 23 
Figure 10: Extracellular PCSK9 does not alter CD81 cell surface levels ....................... 25 
Figure 11: Extracellular PCSK9 showed no effect on CD81 protein levels .................... 25 
Figure 12: Administration of alirocumab to LDLR+/- mice did not affect CD81 ............... 26 
Figure 13: Treatment of hepatocytes with PCSK9 and alirocumab did not affect HCVpp 
entry .............................................................................................................................. 27 
Figure 14: Treatment of hepatocytes with PCSK9 and alirocumab did not affect HCV 
replication kinetics ......................................................................................................... 27 
Figure 15: Alirocumab lacks ADCC activity in target cell lines ...................................... 29 
Figure 16: Alirocumab lacks CDC activity in target cell lines ......................................... 30 
Figure 17: Cancer incidence and plasma cholesterol are inversely related ................... 92 
Figure 18: An Illustration of a Preclinical Cancer Effect in Mice .................................... 92 
Figure 19: Infant anti-KLH IgM response in a TDAR assay conducted during an 
enhanced pre/postnatal development study in monkeys ............................................. 124 
Figure 20: Infant anti-KLH IgG response in a TDAR assay conducted during an 
enhanced pre/postnatal development study in monkeys ............................................. 125 
Figure 21: Scatter plot of peak infant IgG response in a TDAR assay conducted during 
an enhanced pre/postnatal development study in monkeys ........................................ 125 
 

Reference ID: 3746732



BLA #125559  Reviewer: C Lee Elmore, PhD 
 

5 

1 Executive Summary 

1.1 Introduction 

Sanofi (“the Applicant”) is seeking approval of alirocumab (Praluent®) for the treatment 
of adults with primary hypercholesterolemia (non-familial and heterozygous familial) or 
mixed dyslipidemia. 

1.2 Brief Discussion of Nonclinical Findings 

Background:  

Proprotein convertase subtilisin kexin type 9 (PCSK9) is a freely circulating proprotein 
convertase, which has the ability to bind LDL receptors (LDLR). PCSK9-binding to 
LDLR initiates LDLR/PCSK9 complex internalization and lysosomal degradation. 
Alirocumab is a human IgG1 monoclonal antibody that binds to human PCSK9 with high 
affinity (sub-nanomolar KD), and in so doing inhibits and removes PCSK9 from 
circulation. By inactivating PCSK9, alirocumab upregulates LDLR uptake of serum LDL-
cholesterol (LDL-C), especially by the liver, with consequent lowering of the circulating 
level of LDL-C. 

The Applicant identified the rat and monkey as pharmacologically relevant species for 
toxicology testing with alirocumab; both species express PCSK9, to which alirocumab 
binds with high affinity. Alirocumab was tested with once-weekly subcutaneous dosing 
for up to 6 months in monkeys at up to 103-fold and in rats at up to 11-fold the 
maximum recommended human dose of 150 mg Q2W, based on plasma exposure 
comparisons. Weight of evidence supported the waiver of carcinogenicity studies with 
alirocumab; no formal carcinogenicity assessment was conducted, per ICH-S6. 
Reproductive toxicity assessments were conducted in rats during the period of 
embryofetal development at up to 24-fold and in monkeys in an enhanced pre/postnatal 
development toxicity study at up to 81-fold the 150 mg Q2W human dose, based on 
plasma exposure. Overall, the toxicology program was appropriately designed to 
evaluate the clinical risks associated with chronic clinical administration of alirocumab 
per Agency guidance.  

Pharmacokinetics/Pharmacodynamics:  

Increases in alirocumab doses in animals generally led to predictable, dose-proportional 
increases in alirocumab exposure across all dose ranges in toxicity studies. Low 
incidences of anti-drug antibody production, combined with robust pharmacodynamic 
reductions in mean plasma cholesterol and other lipid parameters indicate that anti-drug 
antibodies did not compromise interpretation of study results. Incidences of neutralizing 
antibodies were low in rats and negligible in monkeys. Alirocumab produced a profound 
lowering of total cholesterol and LDL-C in both species. Alirocumab was observed to 
have similar or greater LDL-C-lowering potency in rats and monkeys compared to 
humans. Due to physiologic differences between primates and rodents, alirocumab also 
affected significant decreases in HDL-cholesterol (HDL-C) in the rat.  
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General toxicity:  

Alirocumab was well tolerated by rats and monkeys in toxicology studies of up to 6 
months with weekly subcutaneous dosing that provide exposure multiples of up to 11-
fold in rats and up to 103-fold in monkeys compared to the maximum recommended 
human dose of 150 mg alirocumab administered subcutaneously Q2W, based on 
plasma exposure. Alirocumab produced robust lowering of the expected lipid 
parameters in toxicity studies, which included LDL-C reductions of up to 75% in rats and 
up to 80% in monkeys. Early signs of exaggerated pharmacologic effects were 
observed in rats, which consisted of minimal to moderate liver sinusoidal cell 
hypertrophy and minimal to mild adrenal cortex hypertrophy. Both tissues have been 
shown to be sensitive to low plasma HDL-C levels, as described later. Changes in 
monkey adrenal were only observed with coadministration of alirocumab with high 
doses of a statin sufficient to drive down HDL-C in that model; no liver sinusoidal cell 
effects were observed in monkeys coadministered a statin. In rats, liver sinusoidal cell 
effects spiked early (duration ~2 weeks), but disappeared with continued dosing 
(durations >5 weeks). While mild adrenal effects in rats remained at all durations tested 
(i.e., up to 6 months), the finding did not progress in incidence or severity with 
increasing duration. Adrenal effects exhibited reversibility with discontinuation of 
alirocumab dosing. 

Combination with statins:  

Alirocumab (at 100-fold the maximum recommended human dose of 150 mg Q2W, 
based on plasma exposure) was administered once weekly by the subcutaneous route 
with once-daily oral atorvastatin (at 8-fold the maximum recommended human dose, 
based on plasma exposure) to monkeys for 3 months. While there was an additive 
effect of the two drugs on decreased LDL-C (up to 99%), with an additional and 
unexpected decrease in HDL-C (up to 71%), there were no additive or synergistic 
effects on the statin-induced toxicities observed. Overall the combination was well 
tolerated. While the combination induced exaggerated pharmacologic changes 
consisting of moderate to markedly decreased vacuolation in the adrenal of monkeys, 
these findings were not toxicologically significant and were reversible. Adrenal findings 
in monkeys were associated with significant reductions in HDL-C; reductions in HDL-C 
have not been observed in human patients. 

Mutagenicity/carcinogenicity:  

Alirocumab is not expected to interact directly with DNA and mutagenicity studies were 
not conducted, in accordance with ICH-S6. No preneoplastic or neoplastic lesions were 
observed that could be associated with alirocumab administration in rats or monkeys at 
up to 6 months duration. Based on a weight of evidence approach as outlined in the 
ICH-S6 guidance and discussed in detail in Section 8 of this review, alirocumab was not 
tested in an animal model for carcinogenesis.  

Reproductive toxicology:  

No effects of alirocumab on fertility endpoints were observed in the 6-month monkey 
toxicity study with administration of up to 103-fold the plasma exposures measured in 
humans at 150 mg Q2W.  
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Alirocumab was tested in pregnant rats during the period of embryofetal development at 
up to 12-fold the 150 mg Q2W human dose, based on plasma exposure. Maternal 
lethality (4/25 animals) was observed at 12-fold the human dose, but no toxicity was 
observed at a lower dose, which provided a 2.6-fold safety margin. The causes of 
maternal deaths in the rat embryofetal toxicity study are unknown, but correlative liver 
findings (pale, lobular liver appearance) were only observed in high-dose animals. This 
indicates the deaths may have been related to alirocumab administration.  

Alirocumab was tested in pregnant monkeys during the period of embryofetal 
development (Gestational Day 20) through infancy at up to 81-fold the maximum 
recommended human dose of 150 mg Q2W, based on plasma exposure. No deaths 
and no significant toxicity was observed in pregnant females (females were not 
necropsied), which provides a safety margin of 81-fold. Offspring were followed into 
infancy for 6 months. During the latter part of this period (Day of Birth +120 to 180), 
dose-related decreases in T-cell dependent antibody response (predominantly IgG) to a 
known antigen (KLH) were observed in infant monkeys exposed to alirocumab in utero, 
which indicated suppression of adaptive immunity. Immune suppression was statistically 
significant at the high-dose (p<0.01), but the dose-related trend was also observed at 
the lower dose of alirocumab (p=0.06). Therefore, the safety margin is less than 13-fold 
the 150 mg Q2W clinical dose, based on plasma exposure measured in maternal 
monkeys at the lower alirocumab dose. A dose level that did not suppress humoral 
immunity in infant monkeys was not identified. It is unclear what level of humoral 
immune suppression would be acceptable in human infants. Administration of 
alirocumab to pregnant women should only be considered when benefits outweigh the 
potential risks.  

Summary:  

Overall, alirocumab was well tolerated in rats and monkeys. Reproductive toxicity 
consisted  and decreased humoral immunity in 
infant monkeys. These concerns will be addressed in product labeling. 

1.3 Recommendations 

1.3.1 Approvability 
Pharmacology/Toxicology recommends that alirocumab be approved for the treatment 
of hyperlipidemia/mixed dyslipidemia and heterozygous familial hypercholesterolemia. 

1.3.2 Additional Non Clinical Recommendations 
None 

1.3.3 Labeling 
Suggested labeling (track changes): 

INDICATIONS AND USAGE 

PRALUENT is a PCSK9 (Proprotein Convertase Subtilisin Kexin Type 9) inhibitor antibody 
indicated as adjunct to diet… 
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Suggested labeling (changes accepted): 
 
PRALUENT is a PCSK9 (Proprotein Convertase Subtilisin Kexin Type 9) inhibitor antibody 
indicated as adjunct to diet… 
 
8 USE IN SPECIFIC POPULATIONS 
8.1 Pregnancy 
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Structure or Biochemical Description 

Figure 1: Structural representation of alirocumab 

 
(Applicant) 
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Figure 2: Amino acid sequence of alirocumab 

(Applicant) 

Pharmacologic Class 
Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitor antibody 

2.2 Relevant INDs, NDAs, BLAs and DMFs 

IND 105574, Sanofi-Regeneron, alirocumab, a proprotein convertase subtilisin/kexin 
type 9 (PCSK9) inhibitor monoclonal antibody 

2.3 Drug Formulation 

Toxicology formulations – mM histidine,  polysorbate 20 (w/v),  sucrose 
(w/v) (pH 6.0) 
 
Clinical formulation (75 mg/mL) – 8 mM histidine,  polysorbate 20 (w/v),  
sucrose (w/v) (pH 6.0) 
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2.6 Proposed Clinical Population and Dosing Regimen 

 75 mg every 2 weeks (Q2W) or 150 mg Q2W administered subcutaneously for 
the treatment of adult patients with primary hypercholesterolemia (non-familial 
and heterozygous familial) or mixed dyslipidemia.  

2.7 Regulatory Background 

The following is a concise summary of the regulatory history of the alirocumab product 
development program:  

 The initial, IND-opening submission for IND 105574 was received on 12 October 
2009.  

 A face-to-face end-of-phase 2 meeting was held at FDA on 21 February 2012. 
Pharm/Tox agreed that the Applicant had sufficient nonclinical data to support 
phase 3 clinical investigations.  

 The Applicant submitted a white paper to address the FDA’s concerns for 
carcinogenic potential of alirocumab on 18 July 2013. The FDA decided that 
based on a weight of evidence approach, no formal carcinogenicity assessments 
were required.  

 A face-to-face pre-BLA meeting was held at FDA on 4 September 2014. FDA 
Pharm/Tox agreed that the Applicant’s nonclinical program appeared appropriate 
for filing the application.  

 The BLA was submitted on 24 November 2014. The BLA was designated for a 
priority review based on the Applicant’s use of a pediatric rare-disease priority 
review voucher.    

Reference ID: 3746732



BLA #125559  Reviewer: C Lee Elmore, PhD 
 

16 

3 Studies Submitted 

3.1 Studies Reviewed  

 
(Applicant) 

3.2 Studies Not Reviewed  

None 

3.3 Previous Reviews Referenced 

None 

4 Pharmacology 

4.1 Primary Pharmacology 

Expression of hepatic LDL-receptor (LDLR) and its function in removing LDL-C from 
circulation is dependent on intracellular cholesterol levels and serum PCSK9 
concentrations. Serum PCSK9 reduces hepatic LDLR protein levels by promoting its 
internalization and lysosomal degradation (see Figure 3). Any modulators that affect 
expression of PCSK9 will affect liver LDLR density and its capacity to remove LDL-C 
from circulation.  
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Figure 3: PCSK9-mediated degradation of LDLR 

 

 
(Lambert G, et al.2) 

Transcription of PCSK9 and LDLR genes share a common regulatory mechanism 
mediated by sterol regulatory element binding proteins (SREBPs), which are members 
of the basic helix-loop-helix leucine zipper family of transcription factors. Intracellular 
sterols inhibit LDLR and PCSK9 gene transcription by suppression of the processing 
and release of SREBP2.  
 
Inactive SREBPs contain two transmembrane domains and remain bound to the 
endoplasmic reticulum after synthesis. In the endoplasmic reticulum, the C-terminal 
domains of SREBPs interact with another membrane protein SREBP-cleavage-
activating protein (SCAP), which functions as a sterol sensor. In the sterol-depleted 
state, SCAP escorts the SREBPs from the endoplasmic reticulum to the Golgi where 
they are cleaved by proteases, which release the mature N-terminal transcription 
activation domain of SREBPs from the precursor proteins. The active SREBPs 
translocate to the nucleus where they bind to the promoters of SREBP target genes 

                                            
2 Lambert G, et al. “The PCSK9 decade” J Lipid Res 2012; 53:2515-2524. 
 

Reference ID: 3746732

COPYRIGHT MATERIAL WITHHELD



BLA #125559  Reviewer: C Lee Elmore, PhD 
 

18 

including those involved in the synthesis and metabolism of cholesterol (see Figure 4). 
Consequently, SREBP2 enters the nucleus and binds to the sterol regulatory element 1 
(SRE-1) site of LDLR and PCSK9 promoters, leading to increased production of both 
proteins. Statins coordinately upregulate both the PCSK9 and LDLR genes through 
decreased de novo production of cholesterol, which leads to SREBP2 activation and 
binding to the SRE-1 motifs present in the proximal promoter region of both genes.3    

Figure 4: Cellular regulation of cholesterol homeostasis 

 
(Spann and Glass4) 

Alirocumab is a fully human IgG1 monoclonal antibody, with high affinity for human 
proprotein convertase subtilisin kexin type 9 (PCSK9). PCSK9 normally functions to 
down-regulate LDL receptor (LDLR) activity; PCSK9 binds LDLR and leads to 
internalization and lysosomal degradation of LDLR. PCSK9 is expressed in significant 
amounts in liver, neuronal tissues, adrenal glands, kidney mesenchymal cells, and 
intestinal epithelia. Alirocumab binds the EGF domain of PCSK9, disrupting its 
interaction with the extracellular domain of the LDLR. This allows increased LDLR 
presence on the surface of hepatocytes, increasing LDL-cholesterol (LDL-C) clearance, 
and lowering total cholesterol and LDL-C levels detected in the blood (see Figure 5). 
Statins increase PCSK9 production, and alirocumab overrides this compensatory effect 
of statins. 

                                            
3 Dong B, et al. “CETP inhibitors downregulate hepatic LDL receptor and PCSK9 expression in vitro and 
in vivo through a SREBP2 dependent mechanism” Atherosclerosis 2014; 235:449-462. 
4 Spann NJ and Glass CK “Sterols and oxysterols in immune cell function” Nature Immunol 2013; 
14(9):893-900. 
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Figure 5: Antibody-mediated inhibition of PCSK9 increases LDLR 

 

 
(Lambert G, et al.5) 

High circulating levels of LDL-C are associated with atherosclerosis and are an 
independent risk factor for myocardial infarction, stroke, and death. PCSK9 is a novel 
target for LDL-C lowering therapy. Inhibition of PCSK9 function with alirocumab was 
shown by the Applicant to lower circulating plasma LDL-C levels in nonclinical species, 
including rats and monkeys (chosen for toxicity studies), and hamsters (proof of concept 
studies).   
 
Brief summary of literature data supporting an important role for PCSK9 in modulating 
LDL-C 

 In humans, gain-of-function (GOF) mutations in the PCSK9 gene are associated 
with elevated LDL-C levels (>300 mg/dL) and premature coronary heart disease6. 

                                            
5 Lambert G, et al. “The PCSK9 decade” J Lipid Res 2012; 53:2515-2524. 
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 Loss-of-function (LOF) mutations in PCSK9 in humans are associated with low 
LDL-C levels (< 100 mg/dL) and a reduction in the incidence of coronary heart 
disease over a 15-year period compared to patients lacking this mutation. 7 

 Patients with LOF mutations (including 2 subjects identified who completely lack 
PCSK9 due to compound heterozygous LOF mutations) appear to be healthy.8 

 Overexpression of PCSK9 in mice is associated with reduced hepatic LDLR 
protein and increases in the level of total serum cholesterol.9 

 PCSK9 knockout mice and mice treated with PCSK9 antisense oligonucleotide 
exhibit a 2 to 3-fold increase in hepatic LDLR protein level, accompanied by an 
approximate 50% reduction in total serum cholesterol.10 

 HDL is the major circulating lipid particle in rats. Rats lack CETP and a significant 
portion of rodent HDL contains ApoE11, which is capable of binding the LDLR. 
This leads to significant reductions in HDL-C in rats administered alirocumab.  

 HDL-C containing ApoE in humans is low12, which is consistent with clinical trial 
data showing a lack of an effect of alirocumab on human HDL-C levels.  

 Monkeys are considered the more relevant toxicology model for humans, 
because human and monkey HDL-C levels are resistant to alirocumab, while rat 
HDL-C is greatly reduced.  

 HDL particles are a heterogeneous population known to have a variety of 
functions outside of lipid transport, including anti-inflammatory, anti-oxidative, 
cytoprotective, antithrombotic, anti-infectious, and vasodilatory activities.13   

Brief summary of Applicant-submitted pharmacology data 

 Alirocumab demonstrates a potent blocking effect on PCSK9-mediated regulation 
of LDL-C uptake by LDLR in HepG2 cells (see Figure 6).   

 The gain-of-function mutation  in PCSK9 increases LDLR clearance 
compared to wild-type PCSK9.  

                                                                                                                                             
6 Soutar AK and Naoumova RP “Mechanisms of disease: genetic causes of familial 
hypercholesterolemia” Nat Clin Pract Cardiovasc Med 2007; 4(4): 214-225. 
7 Cohen J, et al. “Low LDL cholesterol in individuals of African descent resulting from frequent nonsense 
mutations in PCSK9” Nat Genet 2005; 37(2):161-165. 
8 Zhao Z, et al. “Molecular characterization of loss-of-function mutations in PCSK9 and identification of a 
compound heterozygote” Am J Hum Genet 2006; 79(3):514-523. 
9 Maxwell KN and Breslow JL “Adenoviral-mediated expression of Pcsk9 in mice results in a low-density 
lipoprotein receptor knockout phenotype” PNAS 2004; 101(18):7100-7105.  
10 Rashid S, et al. “Decreased plasma cholesterol and hypersensitivity to statins in mice lacking Pcsk9” 
PNAS 2005; 102(15):5374-5379. 
11 Danielsson B, et al. “Isolation of a high density lipoprotein with high contents of arginine-rich apoprotein 
(apoE) from rat plasma” FEBS let 1978; 86(2):299-302. 
12 Weisgraber KH and Mahley RW “Subfraction of human high density lipoproteins by heparin-Sepharose 
affinity chromatography” J Lipid Res 1980; 21:316-325. 
13 Camont L, et al. “Biological activities of HDL subpopulations and their relevance to cardiovascular 
disease” Trends Mol Med 2011; 17(10):594-603. 
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 Alirocumab led to marked decreases in total cholesterol (see Figure 8), LDL-C 
(see Figure 9), and to a modest decline in HDL-C (data not shown) in a proof of 
concept hamster model.  

Figure 8: Total cholesterol in hamsters administered alirocumab 

 
 (Applicant) 

Figure 9: LDL-C in hamsters administered alirocumab 

 
(Applicant) 

4.2 Secondary Pharmacology 

Theoretical concerns for increased bile acid levels in the colon, induction of immune 
suppression and increased hepatitis C infectivity were identified as hypothetical 
concerns for PCSK9 inhibition by alirocumab. Bile acid and immune end-points were 
assessed in repeat-dose toxicity studies in monkeys that were coadministered 
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alirocumab and atorvastatin (see Section 6.2.2). The Applicant addressed the concern 
for increased hepatitis C infectivity with a dedicated non-GLP study, described below. 

Hepatitis C virus (HCV):  

Labonte et al. postulated an important function for PCSK9 as regulator of the CD81 
protein, a component of the co-receptor for hepatitis C in humans14. The author utilized 
stable expression of either soluble PCSK9 or membrane-bound PCSK9 in immortalized 
human hepatocytes in vitro. Reductions in LDLR were observed as expected. 
Unexpectedly, CD81 levels were also decreased, especially with the membrane-bound 
form of PCSK9. Labonte et al. also observed decreases in CD81 in vivo, in the livers of 
PCSK9-/- and PCSK9-/-/LDLR-/- knockout mice by immunohistochemistry. These data 
support a role for PCSK9 as a novel determinant of HCV infectivity, and points to 
alirocumab as theoretically increasing the risk of HCV infection. In response, the 
Applicant conducted dedicated in vitro and in vivo studies, which are described in the 
following section: 

REGN727-MX-12103-SR-01V2 – Role of anti-PCSK9 on CD81 levels and HCV entry 
into hepatocytes 
Key study findings 

 The Applicant failed to reproduce an effect on CD81 with addition of extracellular 
PCSK9 ± alirocumab in vitro and in vivo, under the conditions tested. 

o Alirocumab blocked the PCSK9-mediated reduction of LDLR, but showed 
no effect on CD81 cell surface levels (Figure 10) or total protein levels in 
vitro (Figure 11). 

o PCSK9hum/hum/LDLR+/- mice administered alirocumab showed increased 
LDLR, but did not show differences in CD81 protein levels, compared to 
mice administered a control antibody (Figure 12).  

o In a model of hepatitis C virus infectivity, under the conditions tested, 
addition of PCSK9 ± alirocumab did not appear to affect viral entry (Figure 
13) or replication (Figure 14) in Huh-7 cells. 

                                            
14 Labonte P, et al. “PCSK9 impedes hepatitis C virus infection in vitro and modulates liver CD81 
expression” Hepatology 2009; 50(1):17-24. 
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Figure 10: Extracellular PCSK9 does not alter CD81 cell surface levels 

 
(Applicant data, 300 nM isotype control, left side, or alirocumab, right side) 

Figure 11: Extracellular PCSK9 showed no effect on CD81 protein levels 
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Figure 12: Administration of alirocumab to LDLR+/- mice did not affect CD81 

 
(Applicant) 
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4.3 Safety Pharmacology 

Alirocumab (a fully human antibody) contains the Fc domain from human IgG1. 
Therefore, alirocumab has an increased concern for antibody-dependent cell-mediated 
cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) compared to other 
IgG monoclonal antibodies (e.g., IgG2 immunoglobulins). ADCC and CDC assays were 
conducted, which measured the effects of alirocumab and PCSK9 on ADCC and CDC 
in cells expressing human LDLR, including HEK293 human embryonic kidney cells 
(expressing recombinant hLDLR), SW13 human adenoma cells of the adrenal cortex, 
HepG2 human hepatocellular liver carcinoma cells, and HUVEC primary human 
umbilical vein endothelial cells. For ADCC, cell lines were combined with peripheral 
blood mononuclear cells and were incubated with various concentrations of alirocumab 
and recombinant human PCSK9, and percent cytotoxicity was measured. For CDC, cell 
lines were combined with 5% normal human serum complement and incubated with 
various concentrations of alirocumab and recombinant human PCSK9, and percent 
cytotoxicity was measured. The positive control substance, rituximab, caused marked 
immunotoxicity. Results were negative for these toxicities with alirocumab (Figure 15 
and Figure 16).   
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Figure 15: Alirocumab lacks ADCC activity in target cell lines 

 
(Applicant) 
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Figure 16: Alirocumab lacks CDC activity in target cell lines 

 
(Applicant) 
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5 Pharmacokinetics/ADME/Toxicokinetics 

5.1 PK/ADME 

REGN727-PK-09020 – Pharmacokinetic Analysis of Alirocumab in Rat Serum 
Samples  
Key study findings 

 Alirocumab was administered intravenously or subcutaneously to rats at 1 mg/kg 
(7 females/group), 5 mg/kg (7/sex/group), and 15 mg/kg (7 females/group).  

 By the intravenous route, Cmax increased approximately dose-proportionally 
across the dose range (1, 5, and 15 mg/kg IV), and AUC increased slightly 
greater than dose-proportionally. 

 By the subcutaneous route, Cmax increases were less than dose-proportional 
across the dose range. AUC increased in a dose proportional manner between 1 
and 5 mg/kg, but was much less than dose-proportional between 5 and 15 
mg/kg. 

 T1/2 was ~100 to 120 hours, independently of dose and route of administration. 

 Bioavailability was ~50% at 5 to 15 mg/kg, but calculated to be essentially 100% 
at the low-dose of 1 mg/kg. 

 Clearance was similar by either route and did not differ substantially between 
doses. 

 There were no remarkable differences between pharmacokinetics in male versus 
female rats, although males were only administered the 5 mg/kg doses. 

Table 4: Summary pharmacokinetics for single dose administration of alirocumab 
in rats 

 
(Applicant) 
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Table 4: Summary pharmacokinetics for single dose administration of alirocumab 
in rats (cont.) 

 
(Applicant) 
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Table 4: Summary pharmacokinetics for single dose administration of alirocumab 
in rats (cont.) 

 
(Applicant) 

REGN727-PK-09019 – A pharmacokinetic Study of [Alirocumab] REGN727, an 
Anti-PCSK9 Monoclonal Antibody Administered as a Single Subcutaneous or 
Intravenous Injection and Bioavailability of [Alirocumab] REGN727 after 
Subcutaneous Injection to Cynomolgus Monkeys  

Key study findings 

 This study compared pharmacokinetics upon administration of 1 or 15 mg/kg 
alirocumab subcutaneously or 1, 3 or 15 mg/kg alirocumab intravenously in 
monkeys (N=3/sex/group). 

 Cmax was increased in a largely dose-proportional manner at the doses of 1, 3 
and 15 mg/kg by the intravenous route, but was less than dose-proportional 
between 1 and 15 mg/kg by the subcutaneous route. 

 Exposure (based on plasma AUC) was generally dose-proportional by the 
intravenous route, but was slightly less than dose-proportional by the 
subcutaneous route.  

 T1/2 was ~50 to 60 hours at 1 mg/kg (either route) and 3 mg/kg (intravenous). At 
higher doses by intravenous and subcutaneous dosing (i.e., at 15 mg/kg), there 
was multi-phasic elimination, with approximately 90% of elimination occurring 
with an apparent T1/2 of roughly 150 hours by either route. This is consistent with 
saturation of clearance processes at higher doses.  

 The absolute bioavailability for subcutaneous route was determined to be 73-
77% at 1 mg/kg and 73% at 15 mg/kg. 

 Volume of distribution was consistent with limited access of alirocumab to the 
extravascular space. 
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 Clearance rate was decreased with increasing dose, which is consistent with 
saturation of clearance processes at higher doses. 

Table 5: Mean pharmacokinetics after single dose administration of alirocumab in 
monkeys 

 
(Applicant) 

Table 5: Mean pharmacokinetics after single dose administration of alirocumab in 
monkeys (cont.) 

 
(Applicant) 
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Table 5: Mean pharmacokinetics after single dose administration of alirocumab in 
monkeys (cont.) 

 
(Applicant) 

Table 5: Mean pharmacokinetics after single dose administration of alirocumab in 
monkeys (cont.) 

 
(Applicant) 

5.2 Toxicokinetics  

See individual toxicology study report reviews. 

6 General Toxicology 

6.1 Single-Dose Toxicity 

No single dose toxicology studies were conducted.  
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 No sinusoidal liver cell hypertrophy was reported, in contrast to that observed in 
studies of ≤5 weeks in duration.  

 By Week 26, total cholesterol was decreased in male rats at 50 mg/kg/week 
(subcutaneous administration) and 30 mg/kg/week (intravenous administration) 
by 40 and 49% (p<0.01), respectively, and in female rats by 59 and 54% 
(p<0.01), respectively.  

 LDL-C was decreased in male rats at 50 mg/kg (subcutaneous) and 30 mg/kg 
(intravenous) by 67 and 75% at Week 26 (p<0.01), respectively. Decreases in 
female rats at 50 mg/kg subcutaneous and 30 mg/kg intravenous were both 75% 
(p<0.01) by Week 26.  

 HDL-C was decreased in male rats at 50 mg/kg (subcutaneous) and 30 mg/kg 
(intravenous) by 36 and 50% at Week 26 (p<0.01), respectively. Decreases in 
female rats were 64 and 65% at Week 26 (p<0.01), respectively. HDL is the 
major circulating lipid particle in rats. Rats lack CETP and a significant portion of 
rodent HDL contains ApoE15, which is capable of binding the LDLR. This leads to 
significant reductions in HDL-C in rats administered alirocumab. HDL-C 
containing ApoE in humans is low16, which is consistent with clinical trial data 
showing a lack of an effect of alirocumab on human HDL-C levels. These data 
further point to that monkeys as the more relevant toxicology model for humans, 
because human and monkey HDL-C levels are resistant to alirocumab, while rat 
HDL-C is greatly reduced. HDL particles are a heterogeneous population of 
particles known to have a variety of functions outside of lipid transport, including 
anti-inflammatory, anti-oxidative cytoprotective, antithrombotic, anti-infectious, 
and vasodilatory activities.17   

 Anti-drug antibodies (ADA) appeared to decrease in frequency with increasing 
dose. Rates of ADA positivity in controls, 5, 15, and 50 mg/kg/week 
subcutaneous, and 30 mg/kg/week intravenous alirocumab at the main study 
termination were 1/10, 3/10, 5/10, 1/10 and 1/10 in males. No ADAs were 
detected in females at the main study necropsy. Neutralizing ADAs were present 
in 10-50% of male rats that were ADA positive at the main study necropsy. Lower 
alirocumab doses generated a greater frequency of antibody responses than the 
higher alirocumab doses, which may indicate that high exposures of alirocumab 
induce tolerization in rats. Alternatively, higher levels of alirocumab could 
interfere with the ADA-detection assay. As the pharmacodynamic activity of 
alirocumab increased with dose, it is unlikely that an undetectable increase in 
neutralizing antibodies due to technical limitations was the cause. 

 Retro-orbital sinus venipuncture was the used to collect blood in this study. 
Retro-orbital sinus venipuncture is a technique in which the membrane behind 

                                            
15 Danielsson B, et al. “Isolation of a high density lipoprotein with high contents of arginine-rich apoprotein 
(apoE) from rat plasma” FEBS let 1978; 86(2):299-302. 
16 Weisgraber KH and Mahley RW “Subfraction of human high density lipoproteins by heparin-Sepharose 
affinity chromatography” J Lipid Res 1980; 21:316-325. 
17 Camont L, et al. “Biological activities of HDL subpopulations and their relevance to cardiovascular 
disease” Trends Mol Med 2011; 17(10):594-603. 
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Methods 
Doses: 0, 5, 15, 50 mg/kg subcutaneous and 30 mg/kg via 30 

minute intravenous infusion 

Frequency of dosing: Once-weekly 

Route of administration: Control animals were administered the vehicle by 
subcutaneous injection; three doses were given by 
bolus subcutaneous injection (5, 15, and 50 mg/kg); 
one dose by 30 minute intravenous infusion (30 mg/kg) 

Formulation/Vehicle: Clear liquid provided by Applicant was formulated with 
0.9% NaCl for subcutaneous injection (diluent) 

Species/Strain: Crl:CD (Sprague Dawley) rats 

Age: ~8 weeks at initiation of dosing 

Weight: Males, 197 to 315 g; Females, 166 to 211 g 

Satellite groups: Toxicokinetics (4/sex/group) and ADA (4/sex/group) 

Unique study design: Vehicle control by the subcutaneous route, 3 doses of 
alirocumab by the subcutaneous route, 1 dose of 
alirocumab by the intravenous route, and additional 
groups for toxicokinetic and ADA analysis that also 
included lipid profiles.  

Deviation from study 
protocol: 

No significant deviations were reported. 

 
Observational timing  

Mortality: All animals were observed twice daily for mortality and 
moribundity. 

Clinical signs: Non-dosing days: daily; dosing days: pre/post infusion and 
1-2 hours post infusion ; subcutaneous group animals were 
examined 1-2 hours post injection; detailed examinations 
were weekly; toxicokinetic and antibody animals had daily 
health checks 

Body weights: Weekly 

Food consumption: Weekly 

Ophthalmoscopy: Study Weeks -2, 25, and 41 

Hematology:  Study Weeks 1 and 8 (lipids only), 13 (no coagulation), 18 
(lipids only) and 26 (main study necropsy), and Week 42 
(recovery necropsy) 
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Clinical chemistry: Study Weeks 1 and 8 (lipids only), 13 (no coagulation), 18 

(lipids only) and 26 (main study necropsy), and week 42 
(recovery necropsy) 

Urinalysis: Study Weeks 1 and 8 (lipids only), 13 (no coagulation), 18 
(lipids only) and 26 (main study necropsy), and week 42 
(recovery necropsy) 

 
Gross pathology:  All animals at necropsy 
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Organ weights:  All animals at necropsy 

 
Histopathology:  All toxicology animals at necropsy, plus premature deaths 

in the toxicology group, see “gross pathology” section for 
organs analyzed  

ADA group: Blood samples were collected prior to dose number 1, 5, 
10 and 20, at primary necropsy (Week 26), and at recovery 
necropsy (Week 42) 

Toxicokinetic group: Blood samples were collected pre-dose (first dose only), 5 
min post-infusion (intravenous only), 24, 72 (subcutaneous 
only) and 168 hours post-infusion (on Weeks 1, 4, 8, 13, 
17, 21 and 25).  

Results 

Mortality 
One male control rat (SSAN 3116) was found dead on Day 126. The cause of death 
could not be determined. One male (SSAN 3057) administered 5 mg/kg in the 
subcutaneous group was found dead on recovery necropsy Day 294 during the blood 
collection procedure (accidental death). Another male (SSAN 3127) in the 5 mg/kg 
subcutaneous toxicokinetic group was found dead on Study Day 238, but the cause of 
death was undetermined. Because there was no dose-related trend for the deaths, and 
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 At 75 mg/kg/week, the maximum dose administered intravenously, there were 
findings of minimal to mild hypertrophy of the adrenal cortex (8/20 main study 
animals versus 0/20 controls). At 50 mg/kg/week, the maximum dose 
administered subcutaneously (and clinical route of administration), there were 
findings of minimal to mild hypertrophy of the adrenal cortex (3/20 versus 0/20 
controls). This finding was not present in recovery animals.  

 The severity of adrenal findings was minimal to mild and the findings were 
completely reversible by the end of the recovery period. Adrenal findings did not 
progress with longer periods of dosing in rats. These changes are considered an 
exaggerated pharmacologic response. 

 No sinusoidal liver cell hypertrophy was reported, in contrast to that observed in 
shorter studies.  

 Increased minimal hemorrhage at the infusion site (5/20 main study animals 
versus 0/20 controls) was also observed. These findings were not present at the 
recovery sacrifice.   

 Mean total cholesterol was dramatically decreased in all treated animals at every 
time point to the end of dosing (67% maximum decrease at 75 mg/kg/week at 13 
weeks, p<0.01). Total cholesterol values showed a complete return to baseline 
by Study Week 29 (Week16 of the treatment-free period).   

 HDL-C and LDL-C were lowered to a maximum of 78% and 77% in rats 
administered 75 mg/kg/week via the intravenous route, respectively.   

 No significant changes in mean triglyceride levels were observed.   

 A trend towards slightly higher mean VLDL-C was detected in treated animals at 
Week 13.   

 There were no serious or otherwise dose-limiting toxicities observed in this study 
for either sex of rats at any dose up to and including the high-dose of 75 
mg/kg/week, dosed weekly for 13 weeks by the intravenous or 50 mg/kg by the 
subcutaneous route.   
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 ALP was slightly increased a the 75 mg/kg dose in males and females 
o ↑ 25% in males (p<0.05) 
o Recovered by 4 weeks post-dosing in males 
o ↑45% in females (p<0.05) 

o Not recovered at 4 weeks post-dosing in females 

 Liver weights were not increased, in spite of increased inflammation/hyperplasia 
in that organ. Pathology was in sinusoidal cells, and these cells are not known to 
contribute to overall liver size. 

 Spleen weights were increased (>20%, n.s.s.) in the highest dose group, 75 
mg/kg of  male and female rats at termination of dosing, but were not different 
from controls at the end of the 4 week recovery phase. This finding could be 
related to an immune response to the study drug, a human immunoglobulin. 

 Increased extramedullary hematopoiesis in the spleen (slight to moderate) was 
more likely to occur in dosing groups of males (1/10, 3/10, 6/10, and 3/10, versus 
1/10 in controls) and females (2/10, 1/10, 0/10, and 2/10, versus 0/10 in controls) 
at 0.5, 5, 15, and 75 mg/kg, respectively.   

 Platelets were decreased in high-dose males and females (n.s.s., but >20% 
lower than controls) at the end-of-dosing. This finding was recoverable after 4 
weeks without treatment. Similar platelet effects were observed at 5 weeks of 
dosing, but were absent following 3- and 6-months of dosing. 

 Prothrombin time was increased slightly (p<0.05) by 1.3 and 1.7 seconds, 
respectively, but was recoverable by 4 weeks after dosing cessation. 
Prothrombin times were also increased slightly in females in the 6 month rat 
toxicity study. 

 Activated partial thromboplastin time was increased (p<0.05) in males (1.4, 1.3, 
and 1.7 seconds) and females (1.5, 2.0, and 2.2 seconds) at 5, 15, and 75 mg/kg 
dose levels, respectively. This finding was absent after 4 weeks of recovery. 
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 Fertility endpoints (menstrual cycles, testicular volume, and semen analysis) 
were unremarkable.  

Table 8: Study design for a 26-week intravenous and subcutaneous toxicity study 
with alirocumab in cynomolgus monkeys with a 13-week recovery period 

 
(Applicant) 

Methods 
Doses 0, 5, 15, and 75 mg/kg subcutaneous and 50 mg/kg 

intravenous 

Frequency of dosing Once-weekly 

Route of administration Groups 2-4, subcutaneous: 5, 15, and 75 mg/kg/week 
Group 5, intravenous infusion (~30 min): 50 
mg/kg/week only 

Formulation/Vehicle 10mM histidine, 0.2% polysorbate 20 (w/v), 10% 
sucrose (w/v) (pH 6.0) for subcutaneous injection; 
0.9% sodium chloride for intravenous injection 

Species/Strain Cynomolgus monkeys 

Age 49 males ages 4.5-8.3 years 
46 females ages 3.7-5.5 years 

Weight 3.0 kg to 7.9 kg, males; 1.9 kg to 3.5 kg, females 

Unique study design Lipid profiles (Total cholesterol, HDL-C, LDL-C, VLDL-
C and triglycerides) 

Deviation from study 
protocol 

No significant deviations were reported 

 

 
Observational timing and endpoints 

Clinical Findings Twice daily, except only once on necropsy day 

Menstrual cycle 
monitoring 

Daily 

Body weights Every other week pre-dose, weekly during dosing, and at 
necropsy 

Food consumption Daily, qualitative 

Ophthalmoscopy Once during acclimation, during Study Weeks 13 and 24 
(non-dosing days), under ketamine sedation, not performed 
during the recovery period 

Reference ID: 3746732



BLA #125559  Reviewer: C Lee Elmore, PhD 
 

59 

ECG Once during acclimation, during Study Weeks 13 and 24 
(non-dosing days), measurements include HR, RR, PR, 
QRS, QT, and QTcB (QT divided by the square root of the 
RR), not performed during the recovery period   

BP and rectal 
temperature 

Once during acclimation, during Study Weeks 13 and 24 
(non-dosing days), not performed during the recovery period  

Testicular volume Once during acclimation, during Study Weeks 13 and 24 and 
38 using the formula [volume (mL) = (π x length x width x 
height)/6] 

Semen collection and 
analysis 

Twice during acclimation, and once during Weeks 12-13, 24-
26, and 37-38. Total volume and sperm motility, ejaculate 
volume, and total sperm count were measured. 

Hematology,  
Clinical chemistry,  

and lipids  

Hematology: Twice during acclimation, and pre-dose on 
Days 36, 85, 176 (at the 6th, 13th, and 26th doses, 
respectively), and 267 (prior to sedation for recovery 
necropsy). 

Coagulation: Once during acclimation, and pre-dose on Days 
36, 85, 176 (at the 6th, 13th, and 26th doses, respectively), 
and 267 (prior to sedation for recovery necropsy) 

 
Clinical chemistry: Once during acclimation, and pre-dose on 
Days 36, 85, 176 (at the 6th, 13th, and 26th doses, 
respectively), and 267 (prior to sedation for recovery 
necropsy) 

 
Blood samples for serum lipids were collected from each 
animal once during acclimation, and pre-dose on Days 8, 50, 
106, 176 (at the 2nd, 8th, 16th and 26th doses, respectively), 
218 and 267 (prior to sedation for recovery necropsy). 
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Flow cytometry Blood samples were collected from each animal twice during 

acclimation, and pre-dose on Days 36, 85, 176 (at the 6th, 
13th and 26th doses, respectively), and 267 (prior to 
sedation for recovery necropsy). 

Lymphocyte immunophenotyping of peripheral blood was 
performed using antibodies against CD3+ (total T-
lymphocytes), CD4+ (helper T-lymphocytes), CD8+ 
(suppressor/cytotoxic T-lymphocytes), CD20+ (total 
B-lymphocytes), and CD159a+ (natural killer cells). 
Assessment of the relative percentages of positive cells for 
each marker was performed using flow cytometry, and 
absolute counts of lymphocyte subsets were calculated from 
concurrent hematology-derived absolute lymphocyte counts. 

Serum hormones Not conducted, samples destroyed due to no treatment 
related changes determined by the CRO. 

Troponin I Once during acclimation, and pre-dose on Days 8, 50, 106, 
176 (at the 2nd, 8th, 16th and 26th doses, respectively), 218, 
and 267 (prior to sedation for recovery necropsy) 

Urinalysis  Once during acclimation, weeks 13 and 24  

 
Necropsy All terminal necropsy animals (4 male and 4 female monkeys 

per group) were euthanized on Day 178. Recovery necropsy 
animals (2 male and 2 female monkeys per group) were 
euthanized on Day 267. 

Gross pathology  Full examination with sternum blood smear. 

Organ weights  
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Histopathology  

 
ADA Blood samples were collected from all animals pre-dose on 

Days 1, 50, 78, 113, 176 (at the 1st, 8th, 12th, 17th, and 26th 
doses, respectively), 211, and 267 (prior to sedation for 
recovery necropsy). 

Toxicokinetics Groups 1 – 4 (subcutaneous dose) 
Days 1, 8, and 15 (at the 1st, 2nd and 3rd doses, 
respectively): pre-dose, and 24 and 72 hours post-dose 
Days 22, 50, 78, 113, 141 and 169 (at the 4th, 8th, 12th, 
17th, 21st and 25th doses, respectively): pre-dose, and 24, 
72 and 168* hours post-dose 
Days 211 and 267 (prior to sedation for necropsy): once 
Group 5 (intravenous dose) 
Days 1, 8, and 15 (at the 1st, 2nd and 3rd doses, 
respectively): pre-dose, and 5 minutes and 24 hours post-
end of infusion 
Days 22, 50, 78, 113, 141 and 169 (at the 4th, 8th, 12th, 
17th, 21st and 25th doses, respectively): pre-dose, and 5 
minutes, 24 hours and 168* hours post-end of infusion 
Days 211 and 267 (prior to sedation for necropsy): once 
(* 168 hour post-dose corresponds to pre-dose at the next 
dosing time point.) 

Results 

Mortality 
All monkeys survived to their scheduled necropsy. 
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Toxicokinetics 
For subcutaneous dosing, the increases in AUC0-168h and Cmax were predictable, linear, 
and dose-proportional. Tmax with repeated dosing was 32 to 59 hours, which was 
decreased from the first dose (68 to 76 hours). Accumulation between the first and 25th 
dose was approximately 3-fold at 75 mg/kg/week administered subcutaneously. Mean 
subcutaneous bioavailability was approximately 62% in monkeys at the 75 mg/kg/week 
subcutaneous dose at Week 25.   

Table 10: Summary toxicokinetics for a 26-week monkey toxicity study  

 
(Applicant) 

Dosing Formulation Analysis 
Alirocumab was not detected in any vehicle control samples. Samples passed the 
acceptance criteria (90.0% ≤ %NC ≤ 110.0%) except one Group 2 sample collected in 
Week 14 (127.7%) and one Group 5 sample collected in Week 18 (72.8%). The back-up 
sample for Group 2 (Week 14) was analyzed; however, the result was similar to that of 
the original sample (123.9%) and did not meet the acceptance criteria. The remaining 
sample from the original Group 5 solution (Week 18) was re-diluted and analyzed. The 
reanalysis result (90.9%) met the acceptance criteria. The percent relative standard 
deviation ranged from 0.0 to 0.4%, which was within the acceptance criterion of ≤5.0%. 
The percent for backup sample results ranged from 0.5 to 4.7% and passed the 
acceptance criterion of ≤5.0 %. Overall, the results passed the acceptance criteria for 
accuracy, precision and background interference. 

Stability samples (approximately 6 hours refrigerated and 4 weeks frozen passed the 
acceptance criteria except for the original Group 5 frozen sample (83.9%). The 
remaining sample was re-diluted and analyzed; however, the repeat result was similar 
to the original one (84.2%). The back-up sample was analyzed, and the result met the 
acceptance criteria (90.8%). Overall, the Applicant indicated these results passed the 
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pre-specified acceptance criteria when stored at 2 to 8 °C for  
. 

Fertility Analyses 

Menstrual Cycle Analysis 
Female menstruation cycles were similar between alirocumab treated animals and 
controls.   

Semen collection and analysis 
Unremarkable 

Testicular volume 
Testicular volume was unaffected by alirocumab treatment. 

13-week Intravenous (Once-weekly) Toxicity Study of [Alirocumab] 
SAR236553 (REGN727) in Combination with Daily Oral Administration of 
Atorvastatin Calcium to Cynomolgus Monkeys, followed by a 16-week 
Recovery Period 

Study no.: REGN727-TX-11053 (Sanofi #TXC1464) 

Study report location: SDN1, SN0000 (eCTD) 

Conducting laboratory and 
location:

Sanofi-Aventis R&D 
Montpellier, France 

Date of study initiation: 27 February 2012 

GLP compliance: Yes 

QA statement: Yes 

Drug, lot #, and % purity: Alirocumab, lot #R10004C600D11, 
96.1% purity 
Atorvastatin, lot #2460112B, 99.8% purity 

Key Study Findings 

 Alirocumab was administered to 6 monkeys/sex/group once-weekly by the 
intravenous route at 0 and 75 mg/kg/week. Atorvastatin was administered once daily 
by oral gavage at 0, 25 and 40 mg/kg/day alone and in combination with alirocumab. 
The NOAEL for toxicologic interaction between alirocumab and atorvastatin was the 
highest dose of the combination of alirocumab (75 mg/kg/week) and atorvastatin (40 
mg/kg/day), based on no additive or synergistic toxicity observed at the doses. 

 Moderate to markedly decreased adrenal vacuolation was observed in adrenal 
glands when 75 mg/kg/week alirocumab was combined with 15 or 40 mg/kg/day 
atorvastatin. These findings correlated with HDL-C decreases that were observed 
with coadministration of atorvastatin, which were not observed with alirocumab 
alone. Adrenal gland hypertrophy was observed in rats; rats showed HDL-C 
decreases with alirocumab. These findings are not considered adverse, and may 
relate to the adrenal changes observed in rats. Adrenal hormones were not 
assessed in this study, but no changes in corticosterone were observed in rats with 
extensive adrenal hypertrophy. No adrenal hypertrophy was observed in monkeys. 
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 Expanded endpoints for bile acids (serum, liver, and fecal assessments) and 
immune function (immunophenotyping, T-cell dependent antibody response, natural 
killer cell and cytotoxic T cell evaluations) were universally negative. 

 ALT levels were increased up to 2.5-fold in a dose-dependent, atorvastatin-related 
manner. Alirocumab did not affect ALT levels. 

 Atorvastatin induced minimal to mild bile duct/portal inflammation/proliferation and 
minimal to moderate macrophage infiltration in the gastrointestinal tract (jejunum, 
ileum, cecum, and colon) in a dose-related manner. Alirocumab did not affect these 
tissues. 

 Maximal mean cholesterol, LDL-C, HDL-C, VLDL-C, and triglyceride decreases were 
38%, 99%, 71%, 66% and 60%, respectively when alirocumab (75 mg/kg/week) was 
coadministered with the highest dose of atorvastatin (40 mg/kg/day) at the end of 3 
months of dosing (Day 86).  

 During the main study period, female monkeys administered alirocumab showed a 
higher incidence of moderate to severe intravenous injection site reddening than the 
animals administered the vehicle control. There was alirocumab-related moderate 
intravenous injection site inflammation in 1/4 main study females administered 
alirocumab alone; marked intravenous injection site inflammation was observed in 
1/4 low-dose and 1/4 high dose females of alirocumab coadministered atorvastatin. 
Incidence and severity of intravenous injection site findings were evenly distributed 
in male monkeys. 

Table 11: Study design for a 13-week toxicity study in monkeys with alirocumab 
coadministered with atorvastatin in monkeys with a 16 week recovery period 

 
(Applicant) 
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(Applicant) 

Methods 
 Alirocumab        Atorvastatin 

Doses: 0 or 75 mg/kg      0, 25, 40 mg/kg 

Frequency of dosing: QWeekly              QD 

Route of administration: IV injection           PO 

Dose volume: 5 mL/kg                5 mL/kg 

Formulation/Vehicle: 0.9% NaCl            0.4% methylcellulose in water 

Species/Strain: Cynomolgus monkey 

Number/Sex/Group: 6/sex/group 

Age: 26 to 28 months 

Weight: Males: 2 to 4 kg 

Satellite groups: Females: 2 to 4 kg 

Unique study design: 2/sex/group recovery animals 

Deviation from study  
protocol: 

No significant deviations were reported. 

 
 Observational endpoints/timing 

Mortality Mortality checks were done at least twice daily. 

Clinical signs Clinical signs were observed once daily pre-test. Clinical 
signs were observed on the days of treatment before each 
administration, then again once in the afternoon. Injection 
sites were monitored daily, then weekly during recovery. 
KLH injection sites were monitored weekly from 
approximately Day 39 to approximately Week 13 of 
recovery. 

Body weights Recorded weekly 

Food consumption Food consumption was estimated in 25% increments on a 
daily basis. 
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Ophthalmoscopy Not performed 

Toxicokinetics Alirocumab 
All animals from Groups 1, 4, 5 and 6; Day 1: before 
dosing, and 5 min, 24 and 72 hours after the end of the 
infusion; Day 8: before dosing; Day 22: before dosing; Day 
36: before dosing, and 5 min, 24 and 72 hours after the 
end of the infusion; Day 43: before dosing; 
Day 57: before dosing; Day 71: before dosing; Day 85: 
before dosing, 5 min, 24, 72 hours after the end of the 
infusion; Day 92 (i.e., Day 85 plus 168 hours after the end 
of the infusion); every two weeks during the recovery 
period  

Atorvastatin 
All animals from Groups 1, 2, 3, 5 and 6; Dosing period: 
Days 1 and 85 before dosing, 1, 4 and 24 hours after 
dosing; Recovery period: Day 204 (females), Day 206 
(males) 

ADA All animals were evaluated for anti-alirocumab antibodies. 
Dosing period: Weekly prior to dosing; Day 92 (i.e., Day 
85, 168 hours after the end of the infusion); Recovery 
period: Day 141 (females), Day 143 (males), Day 204 
(females), Day 206 (males) 

Clinical pathology Food was withheld 16 to 20 hours prior to obtaining blood 
samples and during urine collection. Access to water was 
allowed during the urine collection period. Pre-test phase 
Day -20 for cytotoxic T cell activity; Day -14 (males) for all 
parameters except cytotoxic T cell activity (this assay 
evaluates the ability of CD8+ T lymphocytes to degranulate 
in response to super-antigens Staphylococcal enterotoxins 
A and B) and natural killer cell activity (cytotoxicity of 
NK cells on target cells K562); Day -13 (males) for natural 
killer cell activity; Day -13 (females) for all parameters 
except cytotoxic T cell activity; Dosing phase Day 37 for all 
parameters except cytotoxic T cell activity; Day 44 
(females) and Day 45 (males) for cytotoxic T cell activity; 
Day 86 for all parameters except cytotoxic T cell activity; 
Day 92 (males) for natural killer cell activity (performed to 
replace the NK cell activity assay performed at Day 86 
(males), which was invalidated due to technical problems 
(only on a single day; technical problems were not 
described); Day 93 for cytotoxic T cell activity; Recovery 
phase Day 202 (females) and Day 204 (males) for all 
parameters except natural killer cell activity; Day 204 
(females) and Day 206 (males) for natural killer cell activity 
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Hematology  

 
 

 
Clinical chemistry  

 
Urinalysis  
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Serum bile acid 

biomarkers 
All animals; Pre-test phase: Day -7 (females) and Day -6 
(males); Dosing period: Day 2, before dosing, Day 37, 
before dosing; Day 86, before dosing; Recovery period: 
Day 202 (females) and Day 204 (males); Analyte = 7α-
hydroxy-4-cholesten-3-one 

Fecal bile acids All animals; Pre-test phase: Day -7 (females) and Day -6 
(males); Dosing period: Day 2, Day 37, Day 86; Recovery 
period: Day 202 (females) and Day 204 (males) 

 
Bile acid biosynthesis All animals; Samples of liver were collected at the 

necropsy for evaluation of cytochrome P450 enzyme 
mRNA induction (for the CYP7A1 enzyme, the 7-alpha 
hydroxylase). 

Lipid panel Total cholesterol, LDL-C, VLDL-C and HDL-C were 
measured in blood on Day -7 (females) and Day -14 and 
Day -6 (males); on Dosing Day 86 (animals not kept for 
recovery); Recovery Day 202 (females) and Day 204 
(males). Samples were collected after overnight fast. 

Cholesterol in feces Cholesterol was assayed in feces on Day -7 (females) and 
Day -6 (males); Dosing Day 2, 37 and 86; Recovery Day 
202 (females), Day 204 (males). 

Immune evaluation Immunophenotyping (CD3+/CD4+: helper T cells, 
CD3+/CD8+: cytotoxic T cells, CD3-/CD20+: B cells, CD3-
/CD16+: NK cells); TDAR (KLH; IgG and IgM); Natural 
killer cell activity; Cytotoxic T-cell activity. Samples were 
collected as per the hematology collection schedule.  

Gross pathology  Necropsy was performed for all animals. 
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Organ weights  
Histopathology  

Reference ID: 3746732
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Results 

Mortality 
There were no unscheduled deaths during the study. 

Clinical Signs 
Increased incidence of red and/or liquid feces and regurgitation occurred with 
atorvastatin administration. The severity of intravenous injection site findings tended to 
be more severe in female monkeys administered alirocumab. Atorvastatin was 
associated with a slight increase in incidence and severity compared to alirocumab 
alone. However, the total number of findings were low (see Table 12) and there was no 
imbalance in males (data not shown). Overall, the increases do not represent a serious 
concern.  
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Table 12: Incidence of injection site redness during a 3-month combination 
toxicity study with alirocumab and atorvastatin in female monkeys 

 
(Applicant) 

Body Weights 
Body weight gains showed high variability, but no clear drug-related effects on body 
weight were discerned. 

Feed Consumption 
No drug-related differences in food consumption were observed. 

Hematology 
There were no clearly identifiable drug-related changes in hematology parameters. 

Clinical Chemistry  
At Day 37, mean ALT was up to 42% higher in male monkeys administered atorvastatin 
versus male control males (n.s.s), and 139% higher in female monkeys administered 
atorvastatin versus control females (p<0.05). By Day 86, mean ALT was increased by 
up to 125% in male monkeys (p<0.05) and by up to 150% in female monkeys (p<0.05) 
in an atorvastatin-related manner. Mean ALT levels returned to baseline by the end of 
the recovery period. Alirocumab-only male and female monkey ALT levels were not 
different compared to controls. There was no additive interaction between alirocumab 
and atorvastatin for mean ALT increases.  
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Fecal Cholesterol 
Fecal cholesterol concentrations were not increased at any time point, based on 
comparisons to baseline and vehicle control groups. In dried feces, there was as 
tendency towards a non-dose-related decreased in fecal cholesterol in animals 
administered atorvastatin at Day 37 (up to 32% and 44%, p<0.05 for both, in males and 
females, respectively) and at Day 86 (up to 23%, n.s.s., and 32%, p<0.05, in males and 
females, respectively). The results were similar when cholesterol was measured in fresh 
feces. There was no apparent effect of alirocumab on cholesterol levels at any time 
point or in any group. Cholesterol levels in feces in animals administered atorvastatin 
were not different from controls at 16 week recovery measurement. 

Immune Evaluation 
Immunophenotyping did not reveal significant differences in immune cell populations 
between the various treatment groups, except for a decrease in NK cell counts in 
animals administered 75 mg/kg/week alirocumab independently of coadministration of 
atorvastatin (decreased 67 – 81% at Day 37; decreased 60 – 69% at Day 86; complete 
recovery in all groups). The T-cell dependent antibody response (TDAR) assay failed to 
show any differences between the treatment groups for primary or secondary antibody 
production in response to KLH. Apparent natural killer and cytotoxic T-cell activities 
were not affected by either treatment. To address the apparent decrease for NK cells in 
animals administered alirocumab, the Applicant conducted study #DIV1640, which 
demonstrated that the use of anti-CD16 mAb and anti-CD159a mAb resulted in 
equivalent NK cell counts from human blood in the presence and absence of 
alirocumab. However, binding of anti-CD16 in peripheral white blood cells from 
monkeys was blocked by incubation with alirocumab. Therefore, the decrease in NK 
cells is considered artifactual as anti-CD16 antibodies cannot bind to NK cells in 
monkeys in the presence of alirocumab (i.e., CD16 binds the Fc region of alirocumab). It 
is unknown why this interaction is not disrupted in humans as alirocumab would also be 
expected to bind CD16 in humans through the Fc region. NK cell counts were not 
affected by alirocumab in the 6 month monkey study at doses up to 75 mg/kg/week, 
where CD159a markers were used for NK cells. 

Gross Pathology 
Minimal to mild bilateral dark coloration was observed in adrenal glands of male and 
female monkeys administered 75 mg/kg/week alirocumab in combination with 40 
mg/kg/day atorvastatin, which was correlated to decreased vacuolation in the zona 
fasciculata of the adrenal glands of male and female monkeys.  
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Table 13: Summary alirocumab toxicokinetics for a 13-week toxicity study of 
alirocumab coadministered with atorvastatin in monkeys 

 
(Applicant) 

Table 14: Summary atorvastatin toxicokinetics for a 13-week toxicity study of 
alirocumab coadministered with atorvastatin in monkeys 
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A 5-Week (Once-weekly) Intravenous Infusion Toxicity Study of 
[Alirocumab] REGN727 in Combination with Daily Administration of 
Lipitor in Cynomolgus Monkeys Followed by an 8-Week Recovery Period 

Study no.: REGN727- 460025) 

Study report location: SDN1, SN0000 (eCTD) 

Conducting laboratory and 
location:

 

 

Date of study initiation: 17 September 2009 

GLP compliance: Yes 

QA statement: Yes 

Drug, lot #, and % purity: Alirocumab, lot #R09001D600X11A, 
97.2% (SE- HPLC) 

Atorvastatin, TRC-0509069, 98.9% purity 

Key Study Findings 

 The high-dose 13-week toxicity study (TXC1464) with 75 mg/kg/week 
alirocumab coadministered with up to 40 mg/kg/day atorvastatin was 
reviewed. This 5-week study was not reviewed in detail. 

 Alirocumab was administered via the intravenous route of administration at 15 
mg/kg/week or in combination with 10 to 25 mg/kg/day atorvastatin (study 
began with 50 mg/kg/day atorvastatin; doses were reduced to 25 mg/kg/day 
on Day 12/13, for females and males, respectively) for 5 weeks to 
cynomolgus monkeys 

 The maximum tolerated dose of atorvastatin was exceeded at 50 mg/kg/day, 
based on frequent gastrointestinal signs (diarrhea, sometimes watery and soft 
and/or mucoid feces). Signs subsided with atorvastatin dose reduction to 25 
mg/kg/day. 

 Anti-REGN727 antibodies were detected in 4 of 30 alirocumab-treated 
animals. Two of these animals showed positive response prior to the first 
dose administration suggesting pre-existing antibodies or a false response. 
Two animals exhibited responses consistent with ADA. One of these two 
animals showed evidence of enhanced alirocumab clearance. 
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Based on available literature: 
1) Existing available information regarding PCSK9 inhibition does not support a link 

to cancer. 

2) Evidence is lacking that lowering cholesterol can affect the risk of cancer via 
changes to intestinal bile acid load or suppresses immune system function. 

Based on Applicant data: 
3) Applicant assessments failed to demonstrate a link between PCSK9 inhibition 

and immune suppression. 

4) There is no connection observed between PCSK9 inhibition and changes in bile 
acid load in the intestine. 

5) The incidence of neoplastic and pre-neoplastic lesions in the Applicant’s 
toxicology program was not increased. 

Low LDL-C and cancer risk –  
A significant number of cohort studies have clearly established an inverse association 
between plasma cholesterol and cancer risk. McMichael et al.18 questioned the cause 
and effect nature of the association. The authors postulated the existence of a 
“preclinical cancer effect”, an inverse association caused by the impact of subclinical 
cancer on plasma cholesterol concentration. That is, pre-existing, undetected tumors 
are causing plasma cholesterol to decrease. In support of this theory, the authors 
provided data that decreased total cholesterol is detected in baseline cholesterol 
measurements taken most recently prior to a cancer diagnosis. Consistent with the 
existence of a preclinical cancer effect, a number of studies have demonstrated that the 
association between low cholesterol and increased tumor risk is weakened or lost if 
tumors diagnosed within the first 5-7 years of the measurement of low cholesterol are 
excluded from the analysis. While the timeframe for the preclinical cancer effect across 
studies are somewhat variable, it appears to provide a reasonable explanation. 
 

                                            
18 McMichael AJ, et al. “Dietary and endogenous cholesterol and human cancer” Epidemiol Rev 1984; 
6:192-216. 
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important cancers, an etiologic role for low cholesterol in all cancers cannot be ruled 
out. 
 
However, the most likely explanation for the striking inverse relationship between 
plasma cholesterol and most cancer risk is the so called preclinical cancer effect. This 
reviewer therefore agrees with Applicant that the preponderance of the evidence 
supports the hypothesis that low cholesterol levels, while correlated with increased 
overall cancer risk, are unlikely to be causal for this increased risk. 
 
PCSK9 inhibition and cancer risk –  
Sun et al. 201221 showed that injection of melanoma cells into the spleens of wild-type 
and PCSK9-/- mice demonstrated less metastasis in the knockout animals compared to 
wild-type controls. Injection of cholesterol into the PCSK9-/- mice reversed this effect. No 
studies evaluating the lifetime risk of cancer in these animals have been reported. 
 
Additionally, the Applicant cites a study published in 2007 by Folsom et al.22, which 
found no overall increase in cancer risk for subjects carrying loss-of-function (LOF) 
mutations in the human PCSK9 gene. Data from this study suggest that LOF mutations 
of PCSK9 may be associated with a decrease in cancer risk (except perhaps colorectal 
cancer, and prostate cancer in whites). This prospective epidemiology study contained 
399 subjects bearing one of three PCSK9 gene mutations (142X, 679X or R46L) that 
are known to be associated with reduced PCSK9 activity (see Table 15). 

                                            
21 Sun X, et al. “Proprotein convertase subtilisin/kexin type 9 deficiency reduces melanoma metastasis in 
liver” Neoplasia 2012; 14:1122-31.   
22 Folsom AR, et al. “Sequence variation in proprotein convertase subtilisin/kexin type 9 serine protease 
gene, low LDL cholesterol, and cancer incidence” Cancer Epidemiol Biomarkers Prev 2007; 16:2455-
2458. 
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less statin therapy, reducing cholesterol was not associated with increased cancer 
incidence (RR 1.02 per 1 mmol/L LDL-c reduction). Kuoppala et al. (2008)31 conducted 
a meta-analysis on 42 published studies with statins, including 17 randomized 
controlled trials, 10 cohort studies, and 15 case-control studies, and did not identify a 
clinically significant effect on overall cancer risk. There was moderate positive 
association with melanoma and non-melanoma skin cancer, although only eight study 
trials and cohort studies had greater than 5-year follow-up. Browning and Martin 
(2006)32 conducted a meta-analysis of 26 randomized trials (103,573 participants) and 
12 observational cohorts (826,854 participants). On the basis of the meta-analysis of 
statin trial data, the authors concluded that there was no evidence of any association 
between statin therapy and all-cause or site-specific cancer risk. Dale et al. (2006)33 
conducted a meta-analysis on 26 randomized statin trials (86,936 participants) and 
found no overall association with statin use and cancer incidence (OR  1.02) or cancer 
death (OR  1.01). Reviewer has not identified any meta-analyses or cohort studies that 
reached different conclusions, but these results are in contrast to earlier studies that 
showed imbalances in cancer incidence in individual trials with pravastatin (including the 
CARE and PROSPER trials). Thus, the available meta-analyses do not show an 
association between statin therapy and increased cancer incidence, with the caveat that 
trials in the analyses are limited by their mean durations of ~5 years. 
 
PCSK9 inhibition and immune suppression – 
Cholesterol is an important component of cell membranes, where it is critical for 
maintaining appropriate membrane fluidity/rigidity. Cholesterol is also concentrated, 
along with sphingolipids, in small membrane domains known as lipid rafts, which are 
specialized cell membrane regions involved in intracellular signaling and protein 
trafficking34. Cancer cells generally possess higher levels of cholesterol than normal 
cells35, and the ability of cancer cells to seek out new niches to support their continued 
survival requires cholesterol-rich lipid rafts. Cancer cells are not the only cell types that 
are dependent on adequate membrane cholesterol levels and the integrity of the lipid 
rafts. Immune cells are also critically dependent on membrane cholesterol and lipid rafts 
for their function. This dependence is perhaps best characterized for lymphocytes, 
which require lipid rafts for the appropriate receipt and processing of developmental and 
activating cues, and also require large amounts of membrane cholesterol to support 
proliferation. Many other immune cells (e.g., neutrophils, macrophages, NK cells, mast 
cells, and dendritic cells) have been shown to rely upon lipid rafts for their function36. 
Therefore, there is a theoretical, mechanism-based concern that alirocumab-mediated 

                                            
31 Kuoppala J, et al. “Statins and cancer: a systematic review and meta-analysis.” Eur J Cancer 2008 
44:2122−2132. 
32 Browning, DRL and Martin, RM “Statins and risk of cancer: a systematic review and metaanalysis.” Int J 
Cancer 2006; 120:833−843. 
33 Dale KM, et al. “Statins and cancer risk: a meta-analysis.” JAMA 2006; 295:74−80. 
34 Lingwood D and Simons K, “Lipid Rafts as a Membrane-organizing Principle,” Science 2010; 327:46-
50. 
35 Li YC, et al. “Elevated levels of cholesterol-rich lipid rafts in cancer cells are correlated with apoptosis 
sensitivity induced by cholesterol depleting agents” Am J Pathol 2006; 168:1107-1118. 
36 Szöör A, et al. “Rafts and the Battleships of Defense: The Multifaceted Microdomains for Positive and 
Negative Signals in Immune Cells” Immunol Lett 2010; 130:2-12.  
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lowering of LDL-C may be associated with immunosuppression or decreased immune 
surveillance of neoplastic cells that could then translate into an increased cancer risk.   
 
Alterations in lipid raft function have been observed in vitro37, 38, 39, and in vivo data are 
unclear. The Applicant’s 3-month monkey toxicology study provided no evidence that 
alirocumab is immunomodulatory in adult animals, both with and without atorvastatin, 
based on the lack of effects on the number or type of immune cells, natural killer cell 
activity, and T-cell activation.  
 
Bile acid loads during PCSK9 inhibition –  
It is hypothesized that the administration of PCSK9 inhibitor monoclonal antibody drugs 
that significantly lower LDL-C in blood should increase export of hepatic cholesterol, 
which may cause an increase in intestinal bile acid load thereby impacting the cancer 
risk. Bile acids have been suggested to play a role in cancer, based on experiments 
showing increased intestinal bile acid load causing increased tumors in rats. The 
Applicant’s 13-week intravenous (once-weekly) toxicity study of 75 mg/kg/week 
alirocumab in combination with daily oral administration of atorvastatin at up to 40 
mg/kg/day to cynomolgus monkeys, followed by a 16-week recovery period, showed no 
effects on bile acids in blood (serum bile acid biomarkers – 7α-hydroxy-4-cholesten-3-
one), in feces (total bile acids, primary bile acids, cholic acid, chenodeoxycholic acid, 
secondary bile acids, deoxycholic acid, and others), or on bile acid biosynthesis (liver 
cyp7a1 mRNA synthesis). Fecal cholesterol was decreased by atorvastatin; no effect of 
alirocumab was observed for fecal cholesterol. The Applicant sufficiently addressed the 
Division’s concerns regarding the potential for alirocumab to induce increased bile 
acids, a theoretical mechanism by which alirocumab and other PCSK9i mAbs might 
increase cancer risk. 
 
Cancer signals in the supporting nonclinical program –  
Two studies with tumors were observed in the alirocumab nonclinical program, both in 
rats. One female in the 13-week intravenous/subcutaneous study at 5 mg/kg/week 
intravenous (low dose) was observed with a mammary adenoma during the main study 
necropsy. One male in the 5 mg/kg/week intravenous dose group of the same study 
was observed with a malignant lymphoma during the recovery period that led to the 
animal being found dead. In the 6 month rat study, there were three neoplastic findings. 
One low-dose and one high-dose male rats were observed with benign lipomas at the 
terminal necropsy, a common tumor in male rats. A mid-dose female rat showed an 
endometrial polyp at the terminal necropsy. These tumors likely represent background 
lesions. 
 
Minimal to moderate liver sinusoidal cell hyperplasia was observed in short-term (2-
week intravenous and 5-week subcutaneous) toxicology studies in rats. This finding was 

                                            
37Pike LG “The Challenge of Lipid Rafts” J Lipids Res 2009; 50:S323-S328. 
38 Kabouridis PS and Jury, EC “Lipid Rafts and T-lymphocyte Function: implications for autoimmunity” 
FEBs Letters 2008; 582:3711-18. 
39 Jurey, EC et al. “Atorvastatin Restores Lck Expression and Lipid Raft-associated Signaling in T cells 
from Patients with Systemic Lupus Erythematosus” J Immunol 2006; 177:7416-7422. 
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not observed in studies of longer durations, which indicates this finding was likely an 
early, transient compensatory effect due to the pharmacological action of alirocumab, 
and not a preneoplastic lesion. 
 
There were no alirocumab-related neoplastic findings in any of the rat or monkey 
toxicology studies, even in the presence of robust LDL-C lowering (with greatly lowered 
HDL-C in rats and monkeys coadministered atorvastatin).  

Based on the lack of drug-related neoplastic and preneoplastic signals in the entirety of 
the nonclinical program (albeit in studies not powered to detect such an effect), there 
does not appear to be evidence of increased cancer risk. No studies have been 
conducted by the Applicant that directly assesses the risk of cancer. 

Overall Assessment of the request for waiver of carcinogenicity studies: 
Reviewer concluded that there is a lack of compelling evidence that would merit 
conducting rodent carcinogenicity studies with alirocumab based on the ICH-
S6(R1) guidance. The Applicant addressed the concern for alirocumab related to 
the increased risk of hepatocellular carcinoma secondary to CD81-dependent 
HCV infection in a separate study, reviewed in Section 4.2 Secondary 
Pharmacology. 

9 Reproductive and Developmental Toxicology 

9.1 Fertility and Early Embryonic Development 

A full assessment of endpoints related to fertility was conducted during a 26-week 
chronic toxicology study in sexually-mature monkeys (see the chronic monkey 
study in Section 6.2.2) per ICH-S6(R1). During the chronic monkey toxicology 
study no specific concerns for fertility were identified. There were no effects of 
subcutaneous alirocumab doses up to 75 mg/kg/week on estrous cyclicity in 
females, on testicular volume, ejaculate volume, sperm motility, or total sperm 
count per ejaculate in males, or on histopathology of major reproductive tissues in 
either sex. Embryofetal development was assessed in both rats and monkeys (see 
section 9.2).  
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9.2  Embryonic Fetal Development and Prenatal and Postnatal 
Development 

Subcutaneous embryo-fetal toxicity study in rats 
Study #: REGN727-TX-1032 (Sanofi TER0630) 

Study report location: SN0040, 11 August 2011 

CRO/Laboratory name: Sanofi-Aventis U.S. Inc. 

CRO/Laboratory address: Bridgewater, NJ 

Date of study initiation: 24 June 2010 

GLP compliance statement: Yes 

GLP issues identified: None 

QA statement: Yes 

Drug, lot #, and % purity: Alirocumab, lot #R09009D600X11A, 
98.6% purity by SE-HPLC 

Key Study Findings 

 Twenty-five pregnant female rats/dose were administered 0, 5, 15, or 75 mg/kg 
alirocumab twice during embryo fetal development (on Gestational Day 6 and 
12). The NOAEL was 15 mg/kg alirocumab, based on maternal mortality. 
Maternal deaths (4/25) occurred at the highest dose administered in this 
embryofetal toxicity study of 75 mg/kg alirocumab (12X the maximum 
recommended human dose of 150 mg Q2W). Clinical signs (decreased activity, 
cold to touch, limited or loss of use of limb, position close to cage floor) and pale 
livers (2/4 animals) associated with moribundity and mortality. The NOAEL dose 
represents a 2.6X exposure margin based on exposure multiples (AUCall = 13011 
µg·hr/mL) compared to the maximum clinical dose of 150 mg/kg every two 
weeks. The deaths were of undetermined cause due to a lack of correlating data 
and in the absence of histopathologic evaluations. The high dose exceeded the 
maximum tolerated dose (MTD), based on maternal deaths. No deaths were 
observed in pregnant monkeys in an enhanced pre/postnatal developmental 
toxicity study at exposures of ~81-fold the maximum recommended human dose 
of 150 mg/Q2W. 

 The NOAEL for embryo-fetal toxicity was 75 mg/kg alirocumab, based on no 
alirocumab-related toxicity. Whereas incomplete ossifications, primarily in the 
skull appeared related to alirocumab at 75 mg/kg, they were not statistically 
significant. Furthermore, a single fetus in the 15 mg/kg group showed two fused 
thoracic arches (malformations), the low incidence and the lack of a dose-
response indicates these are likely spontaneous background lesions.   
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Table 17: Study design for a subcutaneous embryo-fetal toxicity study in rats 

 
(Applicant) 

Methods 
Dosing: 0, 5, 15, and 75 mg/kg 

Frequency of dosing: Gestational days 6 and 12 (2 doses) 

Dose volume: 5 mL/kg 

Route of administration: Subcutaneous injection 
Formulation/Vehicle: 10 mM histidine, 0.2% polysorbate 20, 10% sucrose 

(pH 6.0) 

Species/Strain: Crl:CD(SD) timed-pregnant rats 

Study design: Embryo-fetal developmental toxicity study 

Deviation from study 
protocol: 

No significant deviations were reported. 

Mortality: Mortality checks were twice per day 

Clinical signs: Once daily gestation day (GD) 6 to 21, except on 
subcutaneous injection days GD6 and GD12 when 
observations were once pre-dose and once at one hour 
post-dose 

Body weights: 

 
Food consumption: GD7, 9, 12, 15, 18, and 21 

Toxicokinetics: GD21, serum concentrations only 

Gravid uterine weights: Gravid uteri were weighed for all pregnant females with 
at least one live fetus on GD21. The uterus was not 
weighed for females found dead or euthanized early. 
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Macroscopic and 
microscopic observations: 

A necropsy (limited to the abdominal and thoracic 
cavities) was performed and macroscopic observations 
were recorded for all main study rats found dead or 
euthanized during the course of the study, including 
those animals euthanized at scheduled necropsy. 
Microscopic evaluation was not performed. 

Cesarean section  
(unscheduled deaths): 

Maternal cesarean section parameters for all 
unscheduled deaths (including early deliveries) had all 
possible uterine parameters (except uterine weight) 
recorded. 

Cesarean section: Maternal parameters 

 
Fetal parameters 
a) Fetal sex 
b) Body weight (live fetuses only) 
c) External observations 

Results 

Mortality 
Four maternal deaths occurred during the period of gestation at the highest dose of 
alirocumab (75 mg/kg). Two dams showed evidence of abortion at the time of 
moribundity/death. Two dams (including one that aborted) showed evidence of liver 
toxicity (pale liver with accentuated lobular pattern), which indicates these are 
potentially drug-related effects. Liver toxicity could have led to abortion. While it appears 
plausible that an exaggerated pharmacologic effect could have caused abortion and 
contributed to maternal deaths, there is a 24-fold exposure margin to these findings, 
and a 5.1-fold safety margin to the NOAEL. Two of these deaths were animals assigned 
to the main study group, and two deaths occurred in the group assigned for 
toxicokinetics. One dam showed no clinical signs or macroscopic findings that would 
indicate a cause of death. Clinical signs potentially related to deaths are discussed in 
that section. 
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Table 18: Maternal deaths in the embryofetal toxicity study in rats 

 
(Applicant) 

Clinical Signs 
Signs in high-dose animals that died or were euthanized included decreased activity, 
cold to touch, limited or loss of use of limb, and position close to cage floor. One 
surviving rat administered the 75 mg/kg, a toxicokinetic animal, showed similar clinical 
signs to those that experienced unscheduled death. There were no additional clinical 
signs (aside from two of the four that aborted) reported for females that prematurely 
died in this study.   
 
All other clinical signs (hair loss) were reported in the control group and are therefore 
not considered to be drug-related. There were no remarkable clinical signs at 0, 5, or 15 
mg/kg alirocumab. 

Body Weight 
Body weight gain was unremarkable. 

Feed Consumption 
Feed consumption data were unremarkable. 
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Table 20: Summary of female gross pathology in the embryo-fetal toxicity study - 
terminal necropsy (data for toxicokinetic animals not shown) 

 
(Applicant) 

Cesarean Section Data (Implantation Sites, Pre-, and Post-Implantation Loss, etc.) 
Amongst all dams, there were no significant differences in numbers of corpora lutea, 
pre-implantation loss, implantation sites, and post-implantation loss in any dose group 
versus controls. Cesarean section data were unremarkable for the percent of live 
fetuses that were male (versus female). 

Offspring (Malformations, Variations, etc.) 
No external abnormalities were noted for any live fetus in this study. 

External Findings 
No significant imbalances were noted for fixed head or fresh visceral observations. No 
significant imbalances were noted for visceral observations. 

Skeletal Findings 
The total incidence of malformations (two) was very low in the study, and appeared 
unrelated to alirocumab dose. The two malformations occurred (fused 8th/9th and 5th/6th 
thoracic arches) in a single animal at the mid-dose of 15 mg/kg alirocumab. 
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purity, respectively 

Key Study Findings 
 Alirocumab was administered to pregnant monkey dams from Gestational Day 

(GD) 20 to parturition at 0, 15, or 75 mg/kg/week (~20 once-weekly doses). The 
NOAEL for maternal toxicity was 75 mg/kg/week, based on no toxicity observed 
in maternal monkeys at the highest dose employed in this study. 

 The NOAEL for infant toxicity is less than 15 mg/kg/week alirocumab (the low-
dose) administered to dams only, based on a positive T-cell dependent antibody 
response (TDAR) assay result indicating immune suppression in infant monkeys 
born to dams dosed with alirocumab at 15 and 75 mg/kg/week by intravenous 
administration from GD20 through parturition. Recovery of immune function was 
not assessed, as the infants were sacrificed at day after birth (DB) 182. While the 
response in low-dose infants was less than that observed in high-dose infants, 
and results were not statistically significant, it is unclear what amount of immune 
suppression is acceptable in human infants. 

 There were 2, 3, and 4 stillbirths in control, 15, and 75 mg/kg/week alirocumab 
dose groups. The stillbirth rate was highest at 75 mg/kg/week alirocumab (25%) 
versus controls (12.5%). Twenty-five percent is above the historical mean (12-
14%, depending on the source of literature data), but within the historical range 
of 0-33%.   

 One stillborn monkey from the 75 mg/kg/week dose group showed mild bilateral 
adrenal enlargement; and is noted that adrenal hypertrophy was observed in rats 
administered alirocumab and decreased adrenal vacuolation was observed in 
monkeys administered alirocumab with a statin. Adrenal effects are considered 
an exaggerated pharmacologic response to low plasma cholesterol availability. 
However, the only histopathologic correlate identified by the study pathologist 
was mild, multifocal hemorrhage, which is in contrast to the 3-month monkey 
study with coadministration of alirocumab and atorvastatin, where decreased 
adrenal cortical vacuolation was observed. This animal also showed patent 
ductus arteriosus and multifocal white discoloration (mineralization) in the 
subserosal region of the placenta. No other stillborn monkeys showed similar 
findings.  

 Body weight gain was 13 and 11% lower in offspring of dams administered 15 
and 75 mg/kg/week alirocumab, respectively, at DB30. Male anogenital distances 
were 13 and 11% shorter than controls in offspring of dams administered 15 and 
75 mg/kg/week at DB25-30. Anogenital distances of female offspring of dams 
administered alirocumab at either the 15 or 75 mg/kg/week dose level were 
similar to controls at every time point. Differences in body weights of both sexes 
and anogenital distances of male offspring of dams administered alirocumab at 
either the 15 or 75 mg/kg/week dose level were absent at later time points. This 
may indicate a transient, early, minimal developmental delay (DB30), without 
apparent lasting effects. Other measures of development were unremarkable.   

 Alirocumab decreased LDL-C and other pharmacodynamic parameters (total 
cholesterol, LDL-C, and HDL-C were reduced by 39, 87 and 9%, respectively) in 
offspring (F1 infants) at DB30 (via in utero exposure prior to parturition), but the 
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effects were gone by DB90. At DB180, an apparent rebound effect was observed 
for total cholesterol (+24%) and LDL-C (+50%) in infants of dams administered 
75 mg/kg/week alirocumab. Return to baseline was not assessed, as infants 
were sacrificed at DB182.  

Study design 

 
(Applicant) 

Methods 
Doses: 0, 15 and 75 mg/kg/week 

Frequency of dosing: Once-weekly (gestational day 20 to parturition) 

Dose volume: 1 mL/kg 

Route of administration: Subcutaneous injection 

Formulation/Vehicle: 150 mg/mL alirocumab in 10mM histidine, 0.2% 
polysorbate 20 (w/v), 10% sucrose (w/v) (pH 
6.0) 

Species/Strain: Cynomolgus monkeys 

Number/Sex/Group: 20/sex/group 

Satellite groups: None 

Study design: Enhanced pre-/postnatal development (ePPND) 

Deviation from study 
protocol: 

No significant deviations were reported. 

Maternal 
Mortality: Maternal animals were observed twice per day for mortality. 

Clinical signs: Maternal clinical observations were recorded twice daily for 
each maternal animal, beginning on gestational day (GD) 20 
through lactation day (LD) 35. Embryonic/fetal viability was 
monitored by ultrasound on (±1 day) GD25, GD30, GD37, 
GD44, GD51, GD70, GD90, GD110, GD130, GD150, and/or 
GD170. When signs of abortion or embryo-fetal death were 
present, additional ultrasound monitoring was performed to 
confirm or negate the occurrence of an abortion or embryo-fetal 
death, as necessary. 
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Embryo/fetal 
monitoring: 

Embryonic/fetal viability was monitored by ultrasound under 
sedation on (±1 day) GD25, on days of scheduled 
measurements, and on GD25, GD30, GD37, GD44, GD51, 
GD70, GD90, GD110, GD130, GD150, and/or GD170  

Food consumption: Beginning on GD20 through LD30, a qualitative evaluation of 
food consumption was made once daily in the morning prior to 
feeding.  

Body weights: Body weight was measured for all maternal animals on GD1, 19 
(prior to dose if measured on GD20), 26, 33, 40, 47, 54, 61, 68, 
75, 82, 89, 96, 103, 110, 117, 124, 131, 138, 145, 152, 159 and 
166. After giving birth, maternal animals were weighed on the 
day of the birth examination (once between lactation LD0 and 
LD3), and on (±1 day) LD7, 14, 21 and 28.  

Hematology, 
coagulation, and 

serum chemistry: 

Maternal animals were fasted overnight for at least 4 hours prior 
to each series of collections that included specimens for serum 
chemistry. Blood was collected by venipuncture of a peripheral 
superficial vein (cephalic, saphenous, or femoral vein) per the 
schedule below. 

Reference ID: 3746732



BLA #125559  Reviewer: C Lee Elmore, PhD 
 

113 

 

 

 
Immuno-

phenotyping: 
Immunophenotyping of peripheral blood was performed using 
antibodies against CD3 (total T-lymphocyte), CD4 (helper T-
lymphocyte), CD8 (suppressor/cytotoxic T-lymphocyte), CD20 
(total B-lymphocyte), and CD159a (natural killer cell) 

Chorionic 
gonadotropin: 

Since there were no increases in the early embryo-fetal loss 
ratio, monkey chorionic gonadotropin (mCG) samples were not 
analyzed. 

Toxicokinetics: 
ADA analysis: 

Toxicokinetic parameter estimates of area under the curve 
(AUC0–168h) from 0 hour to 168 hours were determined following 
first (GD20 to GD27) and eighteenth (GD 139 to GD146) dose 
administration. 

Necropsy: F0 females were not necropsied. 

Infants 
Observations at 

birth: 
Each infant was examined for viability, sex and external 
formation (e.g., body form, symmetry of head, facial form, 
mandibular formation, eyes and eyelids, hair of head, nipple 
formation, anus, fingers, toes, finger and toe nails, ears, tail, 
upper and lower extremities, external genitalia, vertebral 
column, and palate, etc.) on the day of birth or up to three days 
after birth (DB) 0 to DB3). Morphological development 
examinations and rectal temperature measurements were also 
conducted at the birth examination. 

Infant clinical 
observations: 

All infants were observed twice (AM and PM) daily beginning on 
DB1 through DB35, with the second observation being no 
sooner than 4 hours after the AM observation. 

Infant body weights: All infants were weighed once between DB0 and DB3, and 
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every 7 days (±1 day) starting on DB8 through DB180 to DB187 
(day of necropsy). 

T-cell dependent 
antibody response 

(TDAR) assay: 

Monkey anti-KLH IgG and IgM concentrations were determined 
using commercial enzyme-linked immunosorbent assay 
(ELISA) kits. Serum samples from all groups of infants were 
assayed. 

Immuno-
phenotyping: 

Immunophenotyping of peripheral blood was performed using 
antibodies against CD3 (total T-lymphocyte), CD4 (helper T-
lymphocyte), CD8 (suppressor/cytotoxic T-lymphocyte), CD20 
(total B-lymphocyte) and CD159a (natural killer cell); conducted 
on DB30, DB90 and DB180 

Morphological 
development: 

External parameters 
External linear measurements of the head width, head 
circumference, distance between the eyes, crown-rump length, 
tail length, chest circumference, paw (hand) and foot length 
(right side), and anogenital distance were measured for each 
infant once between DB0 and DB3, and DB25 and DB30. 

Skeletal examinations 
Radiographs (X-ray) were taken once between DB25 and DB30 
for all surviving infants. Whole-body (with appendages) 
radiographs were taken, including the dorsal, ventral, and 
lateral (right and left) positions. Radiography was performed 
with emphasis on the vertebral column, ribs and sternum, 
thoracic limbs, pelvic limbs, and head (including the jaws). 

Functional development 
Physical evaluations for pupillary reflex, Preyer reflex, pain 
response, and grip strength were performed for all infants once 
between DB25 and DB30. 

Heart rate 
Heart rate measurements were taken once between DB25 and 
DB30 using a stethoscope. 

Toxicokinetics and 
ADA analysis: 

 

Toxicokinetic parameter estimates of area under the curve 
(AUC0–168h) from 0 hour to 168 hours were determined following 
first (GD20 to GD27) and eighteenth (GD 139 to GD146) dose 
administration. 

Scheduled 
necropsy: 

Infants were necropsied between DB180 and DB187. 
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Histopathology: 

 

 

Results 

Maternal Mortality 
There were no maternal deaths. 

Maternal Clinical Signs 
Bruising, vomiting of food, abnormal and liquid feces occurred more often in females 
administered the high-dose of 75 mg/kg/week alirocumab than in control or low-dose 
groups (see clinical signs table below).  
 
Bruising was most evident during the gestational phase (dosing phase) for all dams, 
which does not correlate with decreased platelets and mean platelet volume detected 
only at Lactation Day 180. Decreased platelets were previously only observed in short 
toxicity studies with alirocumab in rats (i.e., ≤ 5 weeks). 
 
Liquid feces was noted primarily in two high-dose dams, including SSAN97 (frequently 
from GD90 to LD149, totaling 27 gestational days and 25 lactation days) and SSAN127 
(less frequently than SSAN97, from GD46 to LD154, totaling 4 gestational days and 27 
lactation days). SSAN127 also showed increased vomiting during the gestational and 
lactation phases. These could be indications of immune-related toxicity and/or illness. 
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Table 22: Abortion and embryo-fetal loss in pregnant monkeys subcutaneously 
administered alirocumab in an enhanced pre/postnatal developmental toxicity 
study 

 
(Applicant) 

Maternal Hematology 
Maternal mean platelet counts were decreased at LD 180 at the 15 mg/kg and 75 mg/kg 
groups by 10% (n.s.s.) and 15% (p<0.05) respectively. The drug-relatedness is 
questionable, because the final dose of alirocumab was administered the week prior to 
Lactation Day 0 (i.e., during the last week of pregnancy), which was ≥180 days (~6 
months) prior to LD180. Decreased platelets were previously only observed in short 
toxicity studies with alirocumab in rats (i.e., ≤ 5 weeks). 

Maternal Coagulation 
While APTT at GD139 was 1.2 seconds longer than controls, the prolongation was less 
than what was observed on GD20 prior to dosing, which indicates it is not biologically 
significant. On Gestational Day 20 (prior the first administration of alirocumab), APTT 
was 1.6 seconds longer in high-dose females than controls. Therefore this prolongation 
was not considered drug-related. At Lactation Day 20, APTT was not prolonged in high-
dose females compared to controls. PT and fibrinogen were not different between 
alirocumab dose groups and controls at any time point. 

Maternal Clinical Chemistry 

Alirocumab-induced pharmacodynamic changes confirmed drug exposure in low- and 
high-dose dams. Mean total cholesterol was decreased at GD139 (26 and 34%, p<0.05) 
and at LD30 (28 and 39%, p<0.05), respectively. Decreased LDL-C at GD139 (52 and 
62%, p<0.05) and LD30 (55 and 78%, p<0.05) was observed in low- and high-dose 
dams, respectively. Decreased triglycerides were observed at GD139 (30 and 33%, 
p<0.05) for low- and high-dose animals, respectively; no changes in triglycerides were 
evident. HDL-C levels were unaffected. VLDL-C was decreased on GD139 (37 and 
25%, p<0.05) and LD30 (15 and 8%, n.s.s.). At LD180, all parameters were considered 
normal. 
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Table 23: Serum lipid parameters for monkeys subcutaneously administered 
alirocumab in an enhanced pre/postnatal developmental toxicity study 

 

 
(Applicant) 

Maternal Immunophenotyping 

Maternal immune cell phenotyping data were unremarkable. 

Maternal Hormone assay 
Since there were no increases in the early embryo-fetal loss ratio, analysis of mCG 
samples was not conducted. 
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Maternal Necropsy 
No scheduled necropsies were performed. 

Toxicokinetics 
Exposures (AUC) to alirocumab were similar to exposures at similar doses in the 
chronic toxicology study. (See section 6.2.2, study #REGN727-  for analysis of 
repeat-dose toxicokinetics in monkeys.)  

Table 24: Summary toxicokinetics for pregnant monkeys subcutaneously 
administered alirocumab in an enhanced pre/postnatal developmental toxicity 
study 

 
(Applicant) 

Alirocumab plasma concentrations, as expected, were increased ~2-fold between first 
dose and the Gestational Day 140 dose (the 20th dose). Plasma concentrations 
decreased by ~50% during the first week after parturition (and cessation of dosing) in 
high-dose dams and were undetectable in low-dose dams. Alirocumab was essentially 
absent in high-dose dams by LD90, and was undetectable at the low-dose.   
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Table 25: Group mean alirocumab concentrations for pregnant monkeys 
subcutaneously administered alirocumab in an enhanced pre/postnatal 
developmental toxicity study 

 
(Applicant) 

Alirocumab was detected in serum samples of all DB7 infants whose dams were 
administered the drug. Mean high-dose dam plasma concentrations were 43% higher at 
DB7 than in their infants. Low amounts of alirocumab were detected in samples from 
infants born to high-dose dams at DB90, but these concentrations were ~50X higher in 
infants than measured in dams by DB90 (i.e., LD90). This indicates that while peak 
exposures were likely lower in infants compared to dams, drug clearance was reduced 
in infants compared to dams. Alirocumab was cleared from all infants by DB178, but 
these data indicate alirocumab may have been present at very low levels during the 
time points of the TDAR assay. Offspring were challenged with KLH on DB120 and 
DB150.  

Table 26: Group mean alirocumab concentrations for infant monkeys exposed to 
alirocumab in utero in an enhanced pre/postnatal developmental toxicity study 

 
(Applicant) 

Anti-drug Antibody Analysis 
Anti-alirocumab antibodies were detected in 5 maternal monkeys (SSAN 15 in the 
vehicle group and two animals in each alirocumab-treated dose group) and one neonate 
from an alirocumab-treated dam (see Table 27). The detection of anti-drug antibodies in 
SSAN15 is considered a false positive, since this animal was not administered 
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alirocumab. SSAN 73 (mid-dose) and SSAN 131 (high-dose) are also considered false-
positive results, because ADA cannot reasonably be produced on the same day as the 
first administration of alirocumab. Results for SSAN 55 (low-dose) and SSAN 103 (high-
dose), as well as for infant 129N (high-dose), are consistent with positive responses. 
The anti-alirocumab assay was validated previously. 

Table 27: Monkeys demonstrating anti-drug antibodies in the enhanced 
pre/postnatal developmental study 

 
(Applicant) 

Infant Analyses 

Stillbirths and Infant Mortality 
There were 2, 3, and 4 stillbirths in control, 15, and 75 mg/kg/week alirocumab dose 
groups. The stillbirth rate was highest at 75 mg/kg/week alirocumab (25%) versus 
controls (12.5%). While 25% is above the historical mean (12-14% historical control), it 
was within the historical range of 0-33%. The cause of stillbirths was unknown, and the 
rates are consistent with spontaneous stillbirths typical of this model. 

One offspring, a control group infant (SSAN 37N), was found dead in the on DB121. 
Microscopic evaluation revealed a subacute gastritis and evidence of bacterial sepsis, 
which was considered by the study pathologist to be the cause of morbidity/death.  

Infant Clinical Observations 
Clinical findings in infants administered alirocumab, including liquid feces and 
scab/crust, are consistent with immune perturbation. These findings were most 
pronounced at the high-dose. An increased in liquid feces was also observed in dams 
administered alirocumab at 75 mg/kg during the dosing (gestational) phase. Increased 
scab/crust was also increased in monkeys in the 6 month toxicity study at ≥15 
mg/kg/week alirocumab. 
 
Due to poor clinical conditions, two infants were hand raised (SSAN 29N, control group; 
SSAN 55N, 15 mg/kg/week group) and then fostered by lactating test article naïve 
surrogates. SSAN 29N (a control) exhibited weakness and weight loss, while SSAN 
55N (a low-dose infant) exhibited weight loss, low body temperature, and poor body 
conditioning score. The incidences of poor condition in these infants was not dose or 
drug-related, and were therefore considered incidental.  
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Infant Neurological Development Signs 
Neonatal testing between DB25 and DB30 showed no differences between alirocumab 
and control groups for any neurological sign tested (e.g., left/right pupil reflex, Preyer 
reflex, pain response of right foot, and grip strength) for infants in this study.  

Infant Heart Rates 
One infant (SSAN 61N) in the 15 mg/kg/week alirocumab dose group showed unusually 
low heart rate (<100 bpm) during DB25-DB30. All other animals were within the range of 
151-300 bpm, which is considered normal. Since the low heart rate measurement was 
isolated and not dose-related, it is not considered drug-related.    

Infant Ophthalmology 
Unremarkable 

Infant Rectal Temperatures 
Rectal (body) temperature measurements were unremarkable. 

Morphological Developmental Summary 
Male anogenital distances were 13 and 11% shorter than controls in offspring of dams 
administered 15 and 75 mg/kg/week at DB25-30, respectively, but were recovered by 
DB90-100 (see Table 29). Anogenital distances of female offspring of dams 
administered alirocumab at either the 15 or 75 mg/kg/week dose level were similar to 
controls at every time point (data not shown).  

Table 29: Selected morphometric parameters in an enhanced pre/postnatal 
development toxicity study 

 
(Applicant) 

A stillborn male monkey (SSAN 123N) in the high-dose alirocumab group showed 
patent ductus arteriosus (PDA), which is a congenital disorder in the heart wherein the 
ductus arteriosus fails to close after birth. This animal also showed bilateral adrenal 
enlargement (with hemorrhage) and placental mineralization. Disruption of placental 
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function could be related to developmental delay (i.e., PDA). In the absence of 
additional evidence of a treatment-related effect a single incidence is not considered 
drug-related.  

Skeletal Examinations 
Incomplete mineralization of the femurs, stifles, and elbows was observed in one infant 
(SSAN 55N) and one stillborn (SSAN 57N), both in the low-dose group. These findings 
were not observed in a dose-related manner and are therefore considered incidental 
findings. 

Infant Immunophenotyping 
Infant immunophenotyping data were unremarkable.  

T-cell Dependent Antibody Response (TDAR) Assay  
Compared to controls, a trend (n.s.s.) for decreased production of anti-KLH IgM was 
detected in offspring born to dams administered 15 mg/kg/week (p=0.32) and dams 
administered 75 mg/kg/week (p=0.16) from GD20 until parturition (Figure 19). 

Figure 19: Infant anti-KLH IgM response in a TDAR assay conducted during an 
enhanced pre/postnatal development study in monkeys 

 
(Applicant) 

IgG production was decreased (p=0.06) for those offspring born to dams administered 
15 mg/kg weekly, and was statistically significantly decreased (p<0.01) by alirocumab 
administration at 75 mg/kg/week (see Figure 20). Statistics listed are for peak antibody 
production, but analysis of total AUC showed similar results (see Table 30). Based on 
IgG data, humoral immunity is considered to have been affected at all alirocumab doses 
tested. Absolute mean peak (DB 157) IgG responses (2nd challenge) were decreased by 
49% and 72% of control means in infants of dams administered 15 mg/kg/week and 75 
mg/kg/week, respectively. Decreases in the median anti-KLH IgG response (2nd 
challenge) were 55% and 86% at 15 mg/kg and 75 mg/kg alirocumab, respectively; 
means were skewed higher by a few animals that maintained normal levels of IgG 
production (see Figure 21). The statistical analysis is present in Table 30. 
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Figure 20: Infant anti-KLH IgG response in a TDAR assay conducted during an 
enhanced pre/postnatal development study in monkeys 

 
(Applicant) 

Figure 21: Scatter plot of peak infant IgG response in a TDAR assay conducted 
during an enhanced pre/postnatal development study in monkeys 
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Table 30: Statistical analysis of TDAR assay results in an enhanced pre/postnatal 
development study in monkeys 

 
(Applicant) 

Infant Hematology 
Mean platelet volume was increased in the 15 mg/kg dose group infants compared to 
control infants at DB90 (25%, n.s.s.) and DB180 (48%, p<0.05), which was skewed 
higher primarily by data from female infants SSAN 65N and SSAN 61N. In the 75 mg/kg 
group on DB90, mean platelet volume was increased by 25% (n.s.s.), which was 
primarily caused by female infant SSAN 93N and by male infant SSAN 119N.  
 
On DB90, a platelet count increase was primarily driven by data from male infant 49N 
and female infant SSAN 65N in the 15 mg/kg group, and on DB180 values were skewed 
higher by data from female infant SSAN 61N in the low-dose group. One high-dose 
male, SSAN 119N produced a high platelet count on DB90, which skewed the mean 
data higher for that group. These data are not likely drug related, since they occur when 
exposures to alirocumab are very low or absent. Other infant hematology data were 
unremarkable. No pattern of pharmacodynamic effect or other indication of the cause of 
high platelet counts was apparent. Effects on platelets may not be drug related, since 
they occurred at various time points during the study, but were normal at other time 
points. 
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several animals, including SSANs 49N (male), 75N (male), and 81N (male), in the low-
dose group on Day 180 by 49, 56, and 63%, respectively. SSANs 117N (male), 121N 
(male), 127N (male), 131N (male), and 103N (female) in the high-dose group showed 
34, 19, 22, 36, and 25% increases in HDL-C at DB180 compared to controls. 
Triglycerides in SSAN 117N, a high-dose male, were increased 2.9-fold at DB30 
compared to controls. Increases in lipid parameters at DB180 may indicate a rebound 
effect. 

Gross Pathology Findings for Fetuses from Emergency Cesarean Section 
An emergency Cesarean section was conducted for SSAN 33 (control group female) on 
GD57 and SSAN 115 (75 mg/kg/week group) on GD53 because of in utero fetal death. 
Retrieved fetuses and placentae were examined externally for abnormalities. No 
external abnormalities were identified by the study pathologist in these fetuses. 

Gross Pathological Findings in Stillborn Infants 
There were 2, 3, and 4 stillbirths in control, 15, and 75 mg/kg/week alirocumab dose 
groups.  

Stillborn male 63N (low dose infant) showed mild, multifocal adrenal cortical cell 
vacuolization, an effect of PCSK9 inhibition in rodents and monkeys with very low LDL-
C and HDL-C.  

One stillborn male infant in the 75 mg/kg/week dose group (SSAN 123N) showed mild 
bilateral adrenal enlargement (F0 females were not necropsied). Adrenal effects 
(hypertrophy) have been observed broadly in the rat model and in monkeys 
coadministered a high dose of a statin. This finding is also considered potentially drug 
related based on previous findings in rats and monkeys, and may be due to the 
pharmacology of PCSK9 inhibition. Stillborn male SSAN 123N also showed patent 
ductus arteriosus (PDA), which is a congenital disorder in the heart wherein the ductus 
arteriosus fails to close after birth. The pathologist indicated this is not unusual in 
stillborn cynomolgus monkeys, but it was not observed in any other still born infant in 
this study.  
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Table 31: Gross pathological observations in stillborn infants in an enhanced 
pre/postnatal developmental study in monkeys 

 

 
(Applicant) 

Table 31: Gross pathological observations in stillborn infants in an enhanced 
pre/postnatal developmental study in monkeys (cont.) 

 

 

 
(Applicant) 
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Table 31: Gross pathological observations in stillborn infants in an enhanced 
pre/postnatal developmental study in monkeys (cont.) 

 

 

 

 
(Applicant) 

Infant Histopathology 

Below are findings that represent an imbalance between drug groups and controls. The 
mild nature of these findings indicates a general lack of serious microscopic lesions 
related to drug in born animals. Potentially drug-related effects observed in stillborn 
infants were not observed in born animals. 
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Differential binding results  
Staining unique to human:  Cytoplasmic staining of endothelium, smooth myofibers, 
neutrophils, mononuclear leucocytes, and some epithelial cells (breast, gastrointestinal 
tract, peripheral nerves) 

 
Staining unique to monkeys:  Cytoplasmic Kupffer cell staining 

 
Staining unique to rats:  Overall, staining intensity was less in rats. Cytoplasmic staining 
of neuroepithelium and oocytes was unique. Lens fiber staining was also unique. 

11 Integrated Summary and Safety Evaluation 
Background 

Indication: 

The Applicant is seeking approval of alirocumab (Praluent®) for use as adjunct therapy 
to diet, for long-term use in adult patients with primary hypercholesterolemia (non-
familial and heterozygous familial) or mixed dyslipidemia, as combination therapy with a 
statin or as monotherapy.  

Mechanism of Action: 

Proprotein convertase subtilisin kexin type 9 (PCSK9) is a negative regulator of the 
LDL-receptor (LDLR). When PCSK9 binds to cell surface LDLR, the complex is 
internalized and undergoes lysosomal degradation. Alirocumab is a fully human IgG1 
monoclonal antibody that binds to PCSK9, and in doing so promotes complex 
internalization and lysosomal degradation, and thereby removes functional PCSK9 from 
circulation. Inactivation of PCSK9 with alirocumab results in increased LDLR cell-
surface expression and increased uptake of low-density lipoprotein cholesterol (LDL-C), 
especially by the liver, with consequent lowering of circulating levels of LDL-C.  

Pharmacology and Pharmacodynamics: 

Expression of hepatic LDLR and its function in removing LDL-C from circulation is 
dependent on two factors: intracellular cholesterol levels and serum PCSK9 
concentrations. Therefore, any modulators that affect expression of PCSK9 will affect 
liver LDLR density and its capacity to remove LDL-C from circulation. Transcription of 
PCSK9 and LDLR genes share a common regulatory mechanism mediated by sterol 
regulatory element binding protein 2 (SREBP2). SREBP2 interacts with another 
membrane protein SREBP-cleavage-activating protein (SCAP), which functions as a 
sterol sensor.  Intracellular sterols inhibit LDLR and PCSK9 gene transcription by 
suppressing the processing and release of SREBP2. In the presence of sterols, inactive 
SREBP2 remains bound to the endoplasmic reticulum after synthesis.40   

In the sterol-depleted state, SCAP escorts the SREBP2 to the Golgi where it is 
proteolytically cleaved, which releases the mature SREBP2 capable of transcriptional 
activation. Mature SPEBP2 enters the nucleus and binds to the sterol regulatory 
element 1 (SRE-1) site of LDLR and PCSK9 promoters, leading to increased 

                                            
40 Dong B, et al. “CETP inhibitors downregulate hepatic LDL receptor and PCSK9 expression in vitro and 
in vivo through a SREBP2 dependent mechanism” Atherosclerosis 2014; 235:449-462. 
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transcription and translation of both proteins. Statins lower intracellular cholesterol by 
decreasing de novo biosynthesis through inhibition of HMG-CoA reductase, thereby 
upregulating both the expression of LDLR and its negative regulator PCSK9.41 
Alirocumab overcomes this compensatory effect of statins. 

Evidence of the intended pharmacology included marked dose-related reductions in 
total cholesterol and LDL-C in rats and monkeys, and reductions of HDL-C in rats, 
which was evident in all general toxicity and reproductive toxicology studies. Unlike 
humans and monkeys, HDL is the primary circulating lipid particle in rats. Rats lack 
cholesterol ester transfer protein (CETP) and, in contrast to that observed with humans 
and monkeys, a significant portion of rat HDL contains ApoE42, which is capable of 
binding the LDLR. This leads to significant reductions in HDL-C in rats administered 
alirocumab. Humans express high levels of CETP and HDL-C containing ApoE in 
humans is negligible43, which is consistent with clinical trial data showing a lack of an 
effect of alirocumab on HDL-C levels. HDL particles are a heterogeneous population 
postulated to have a variety of functions outside of lipid transport, including anti-
inflammatory, anti-oxidative, cytoprotective, antithrombotic, anti-infectious, and 
vasodilatory activities.44 These data indicate that the monkey is the more 
pharmacologically relevant model for humans, because human and monkey HDL-C 
levels are resistant to alirocumab, while rat HDL-C is greatly affected.  

It is notable that HDL-C levels can in fact be driven lower in monkeys, but only with 
coadministration of alirocumab at 100-fold the maximum recommended human dose  of 
150 mg Q2W with atorvastatin at 8-fold the maximum recommended human dose of 80 
mg/day atorvastatin, based on AUC. These suprapharmacologic levels of alirocumab 
and atorvastatin induced reductions in plasma LDL-C of up to 99% and led to reductions 
in plasma HDL-C in the monkeys of up to 70%. Compensatory upregulation of ApoE on 
HDL would explain the observed decreases in HDL-C in monkeys in the absence of any 
available LDL-C. Indeed, modest levels of HDL containing ApoE (6-10% of total HDL) 
have been identified in humans with very low LDL-C concentrations due to a lack of 
CETP activity, in contrast to 2-3% of HDL expressing ApoE in normal subjects45. 

Differences in Tested and To-Be-Marketed Formulations: 

The toxicology formulation consisted of mM histidine,  polysorbate 20 (w/v),  
sucrose (w/v) (pH 6.0). The 75 mg/mL clinical formulation consisted of 8 mM histidine, 

 polysorbate 20 (w/v),  sucrose (w/v) (pH 6.0). The 150 mg/mL clinical 
formulation consisted of 6 mM histidine,  polysorbate 20 (w/v),  sucrose (w/v) 

                                            
41 Dong B, et al. “CETP inhibitors downregulate hepatic LDL receptor and PCSK9 expression in vitro and 
in vivo through a SREBP2 dependent mechanism” Atherosclerosis 2014; 235:449-462. 
42 Danielsson B, et al. “Isolation of a high density lipoprotein with high contents of arginine-rich apoprotein 
(apoE) from rat plasma” FEBS let 1978; 86(2):299-302. 
43 Weisgraber KH and Mahley RW “Subfraction of human high density lipoproteins by heparin-Sepharose 
affinity chromatography” J Lipd Res 1980; 21:316-325. 
44 Camont L, et al. “Biological activities of HDL subpopulations and their relevance to cardiovascular 
disease” Trends Mol Med 2011; 17(10):594-603. 
45 Yamashita S, et al. “Accumulation of apolipoprotein E-rich high density lipoproteins in 
hyperalphalipoproteinemic human subjects with plasma cholesteryl ester transfer protein deficiency” J 
Clin Invest 1990; 86(3):688-695. 

Reference ID: 3746732

(b) (4) (b) (4)

(b) (4) (b) (4)

(b) (4) (b) (4)

(b) 
(4)



BLA #125559  Reviewer: C Lee Elmore, PhD 
 

135 

(pH 6.0). These differences are not considered to have impacted the safety assessment 
of alirocumab. 

Toxicological Assessment of Alirocumab: 

There are three areas of particular toxicological concern for the evaluation of alirocumab 
in animals: 1) direct induction of toxicity due to PCSK9-inhibition and/or reductions of 
plasma cholesterol that were previously unattainable with existing pharmaceuticals, 2) 
immunogenicity upon administration of a human immunoglobulin to rats and monkeys 
that could cause production of neutralizing anti-drug antibodies (ADA) that might 
prevent adequate drug exposures in animals, and 3) other largely theoretical concerns 
for extremely low plasma cholesterol.  Section I, below, describes the outcomes and 
implications of general toxicity studies conducted with alirocumab, which are then 
qualified based on the results of immunogenicity evaluations in the test species. Section 
II describes the theoretical mechanisms by which chronic, extreme cholesterol lowering 
might be secondarily detrimental, along with this reviewer’s assessment of these 
hypothetical risks. 

Section I – Toxicity with alirocumab in rats and monkeys 

Overall, alirocumab was well tolerated in rats and monkeys at up 50 mg/kg/week and 75 
mg/kg/week, which represents 11X and 103X, respectively, the maximum 
recommended human dose (MRHD) of 150 mg Q2W based on AUC.  

Liver sinusoidal cell hypertrophy/hyperplasia occurred early in the time-course of 
administration in rats (≤5 weeks). The severity of these changes peaked early 
(moderate severity at ~2 weeks), subsequently declined (minimal to mild severity at 5 
weeks), and was absent in 3 and 6 month rats studies. Sinusoidal cell hypertrophy is 
therefore considered a reversible exaggerated pharmacologic response. In studies >5 
weeks, alirocumab was well tolerated in rats, without apparent liver effects. No similar 
alirocumab-related effects were observed in livers of monkeys at any duration of study 
at exposures up to 103X the MRHD. 

Dose-related minimal to mild adrenal (fasciculata) cortical hypertrophy/hyperplasia 
occurred with administration of alirocumab in rats. With six months of once-weekly 
dosing, the highest doses of alirocumab (50 mg/kg/week administered subcutaneously; 
11X the MRHD) produced minimal to mild cortical hypertrophy and increased mean 
adrenal weights by 30% compared to controls. Similar adrenal effects were seen in all 
shorter term studies in rats administered alirocumab. This finding is considered likely to 
be an exaggerated pharmacologic response to sudden onset and prolonged duration of 
markedly decreased circulating LDL-C and HDL-C in rat. The adrenal gland is an organ 
heavily dependent on cholesterol. In rats, HDL-C is the primary source of cholesterol for 
steroidogenesis46. Underscoring the importance of HDL-C in rodents, mice that lack 
scavenger receptor BI (SR-BI) due to gene deletion (and therefore have reduced ability 
to absorb cholesterol from HDL) suffer glucocorticoid deficiency under fasting 
conditions47. No effects on corticosterone production were measured in rats 

                                            
46 Andersen JM and Dietschy JM “Kinetic parameters of the lipoprotein transport systems in the adrenal 
gland of the rat determined in vivo” J Biol Chem 1981 256(14):7362-7370. 
47 Hoekstra M, et al. “Absence of HDL cholesteryl ester uptake in mice via SR-BI impairs an adequate 
adrenal glucocorticoid-mediated stress response to fasting” J Lip Res 2008 49:738-745. 
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administered alirocumab. No adrenal effects were observed in monkeys administered 
alirocumab alone. 

Combination with statins: 

Alirocumab (up to 75 mg/kg/week; 100X the MRHD by AUC) was coadministered with 
atorvastatin (40 mg/kg/day; 8X the MRHD by AUC) to monkeys for 3 months. While 
there was an additive effect of the two drugs on LDL-C (decreased up to 99%) with 
unexpected effects on HDL-C (decreased up to 71%), there were no additive or 
synergistic increases in statin-induced toxicity observed for any endpoint in the study, 
including immune endpoints and bile acid quantification. Moderate to marked decreased 
adrenal vacuolation was observed in monkeys, which correlated with significant HDL-C 
reductions in the presence of marked (~99%) reductions in LDL-C caused by 
suprapharmacologic does of both alirocumab and atorvastatin. Adrenal effects in 
monkeys were only observed in the presence of markedly reduced serum 
concentrations of LDL-C and HDL-C, which indicates this finding is unlikely to be 
clinically relevant. 

Genetic toxicity: 

Under ICH-S6, genotoxic evaluation of alirocumab, a monoclonal antibody with no 
reasonable expectation of interacting with DNA, is not recommended. 

Carcinogenicity: 

The Applicant submitted a “white paper” request for waiver of the requirement for 
carcinogenicity studies. The waiver request is outlined and appraised in Section 8 of this 
document. The waiver request was granted, based on the lack of evidence for 
carcinogenic concern based on Applicant and publically available data. No study 
designed to directly assess the tumorogenicity of alirocumab was conducted.  

Reproductive Risks: 

For biologics, where the primate is the most relevant species, fertility endpoints can be 
collected in a repeat dose toxicity study, per ICH-S6. No effects of alirocumab on fertility 
endpoints were observed in the 6-month monkey toxicity study with administration of up 
to 103-fold the plasma exposures measured in humans at 150 mg Q2W.  

There is concern for the chronic treatment of high-cholesterol with alirocumab during 
pregnancy, based on the anticipated risk to the rapidly developing fetus with high 
demands for cholesterol. The Applicant performed an embryofetal development toxicity 
study in rats, where deaths were observed in high-dose maternal females (4/25 from 
Gestational Days 15 to 20) administered 75 mg/kg once-weekly (12X the MRHD) by the 
subcutaneous route. Clinical signs included decreased activity, cold to touch, limited or 
loss of use of limb and position close to cage floor. Two of the four maternal deaths 
showed pale liver with accentuated lobular pattern. No maternal deaths and no visible 
toxicities were noted at the 15 mg/kg once-weekly dose, which establishes a NOAEL 
corresponding to 2.6X the maximum recommended human dose of 150 mg Q2W, 
based on maternal lethality. Liver pathologies indicate deaths may have been 
treatment-related, although this finding was not present in previous repeat-dose rat 
toxicity studies.  
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The Applicant performed an enhanced pre/postnatal developmental toxicity study in 
pregnant monkeys with administration of alirocumab at up to 75 mg/kg once-weekly by 
the subcutaneous route throughout the periods of embryofetal and pre/postnatal 
development (day 20 of gestation to 6 months of infancy). No maternal deaths occurred 
in pregnant monkeys. While alirocumab was largely well tolerated in maternal animals, 
the ability of infant monkeys to mount an adaptive immune response to KLH (an 
established antigen) was compromised, as measured in a T-cell dependent antibody 
response (TDAR) assay. Production of anti-KLH IgM trended lower in offspring born to 
dams administered 15 mg/kg/week (p=0.32) and dams administered 75 mg/kg/week 
(p=0.16) alirocumab from Gestational Day 20 until parturition, compared to controls. IgG 
production trended lower (p=0.06) for those offspring born to dams administered 15 
mg/kg weekly, and IgG production was statistically significantly decreased in offspring 
(p<0.01) born to dams administered 75 mg/kg/week alirocumab. Infant mean total 
cholesterol, LDL-C and HDL-C levels were not different between offspring born to 
females administered alirocumab and those born to control females during the 
timeframe in which the TDAR assay was conducted. No other toxicity was apparent in 
infant monkeys. It is of interest that HDL particles containing ApoE are a major class of 
lipoproteins in the plasma of human neonates and that LDL-C is typically low in 
newborns (~40% of total cholesterol)48; neonates may be particularly sensitive to prior in 
utero alirocumab exposure. Immunophenotyping did not show biologically significant 
differences at any time point. It is unclear what level of inhibition of adaptive immunity 
would be considered non-adverse with regards to risk to human infants. 

Immunogenicity: 

Maximal pharmacologic effects of alirocumab were maintained in the majority of test 
animals in the nonclinical program. Overall, rates of production of neutralizing ADA were 
low in rats and negligible in monkeys, and didn’t compromise the toxicological 
assessment of alirocumab in any study. 

Section II – Theoretical concerns for alirocumab exposure 

The marked plasma LDL-C lowering attainable with clinical administration of alirocumab 
with or without a statin could be expected to secondarily impact other cholesterol-
related processes, including bile acid formation, cholesterol-dependent hormone 
production, cholesterol-dependent tissue regeneration, and myriad others. These 
hypothetical concerns and the perceived human risks will be discussed below. 

Increased intestinal bile acids: 

Bile acids are synthesized from cholesterol in the liver.49 The presence of cholesterol 
up-regulates production of bile acids.50 High levels of bile acids have been 
demonstrated in rodent models to promote tumor formation. 51 It is presumed that 
inhibition of PCSK9 would increase the flow of cholesterol into the liver. Therefore, the 
                                            
48 Innerarity T L, et al. “Receptor binding activity of high density lipoproteins containing apoprotein E from 
abetalipoproteinemic and normal neonate plasma” Metabolism 1984; 33: 186-195. 
49 Russell DW “The enzymes, regulation, and genetics of bile acid synthesis.” Annu Rev Biochem 2003 
72:137–174. 
50 Russell DW “Bile acid biosynthesis.” Biochemistry 1992; 31(20):4737-4749. 
51 Weisburger JH, et al. “Bile acids, but not neutral sterols, are tumor promoters in the colon in man and in 
rodents.” Env Health Perspect 1983; 50:101-107 
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potential for increased concentrations of intestinal bile acids was identified as a possible 
concern for alirocumab therapy. The Applicant addressed the Agency’s concern in 
monkeys administered alirocumab for 3 months at 100X and 8X the maximum 
recommended human doses of 150 mg alirocumab Q2W and 80 mg atorvastatin QD, 
respectively. No effects on bile acid regulation in the liver (cyp7a1 mRNA levels) or 
indicators of bile acid formation in serum (7α-hydroxy-4-cholesten-3-one 
concentrations), or actual amounts of bile acids in feces (total bile acids, primary bile 
acids, cholic acid, chenodeoxycholic acid, secondary bile acids, deoxycholic acid, and 
others) were observed. Fecal cholesterol concentrations were not increased at any time 
point, although there was a tendency towards a non-dose-related decrease in fecal 
cholesterol in animals administered atorvastatin. 

Hepatitis C virus (HCV) infectivity: 

A study by Labonte et al.52 identified regulation of CD81 by PCSK9 as a potential 
pathway by which PCSK9 inhibitors might cause increased susceptibility to HCV 
infection and associated liver tumors. CD81 is a co-receptor for hepatitis C infection in 
humans. Labonte showed that expression of PCSK9, especially a modified non-
secretable form, reduced CD81 and LDLR levels in immortalized human cells and 
provided resistance to HCV infection in vitro. Alirocumab may therefore increase CD81 
expression resulting in greater infectivity of HCV. The Applicant completed in-house 
experiments with the more physiologically relevant soluble form of PCSK9. No 
regulation of CD81 was observed in vitro. The Applicant also evaluated CD81 
expression in PCSK9hum/hum/LDLR+/- mice administered alirocumab; no changes in total 
CD81 levels were observed. No effects on HCV infectivity or replication kinetics were 
observed with addition of extracellular PCSK9 ± alirocumab in vitro. 

Adrenal (cortical)-derived hormones: 

The adrenal glands are heavily dependent on cholesterol for hormone production, and 
alirocumab might be expected to affect adrenal function. Adrenal cortex hypertrophy 
was observed with the onset of reduced total cholesterol (associated with marked 
decreases in both HDL-C and LDL-C) in rats administered alirocumab. Adrenal effects 
were observed in monkeys only with coadministration of high doses of atorvastatin (8X 
the MRHD of 80 mg by AUC) that caused ~99% reductions in LDL-C and significant 
reductions in HDL-C. Effects in the adrenal glands of monkeys consisted of moderate to 
marked decreased vacuolation, without any additional correlative toxicity. Adrenal 
effects in both rats and monkeys were considered exaggerated pharmacologic 
responses to low cholesterol, due to the high demand for cholesterol in that organ. No 
effects on corticosterone were observed with maximal cholesterol reductions in rats 
administered alirocumab. Hormone levels were not measured in monkeys. Adrenal 
effects observed were not considered toxicologically significant. No effects on the 
adrenal were observed in rats or monkeys in the absence of reductions in HDL-C, which 
indicate this finding is of questionable human relevance. Significant HDL-C reductions 
have not been observed in the clinic. 

                                            
52 Labonte, P et al. “PCSK9 impedes hepatitis C virus infection in vitro and modulates liver CD81 
expression” Hepatology 2009; 50(1):17-24. 
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Impaired liver regeneration: 

A concern for liver injury and alirocumab treatment comes from a published study 
conducted with the PCSK9 knockout mouse53. When compared to littermates, PCSK9-
null mice (but not PCSK9+/- mice) were markedly delayed in their ability to regenerate 
liver tissue following partial hepatectomy. Furthermore, the regenerating liver tissue 
exhibited necrotic foci. In these foci, the liver architecture was disrupted with swollen 
hepatocytes undergoing ballooning degeneration. Infiltration of red blood cells and 
leukocytes was also observed at the border of the necrotic areas. Whether this deficit is 
likely to be associated only with catastrophic liver injury (e.g., partial hepatectomy) or 
would also manifest following other liver injury (e.g., acetaminophen toxicity) is 
unknown. Of particular theoretical concern is the often transient, but sometimes severe, 
liver injury induced by statins, which could theoretically be worsened by 
pharmacologically-induced loss of PCSK9 analogous to the PCSK9-/- mouse phenotype. 
However, liver toxicity was not exacerbated in a 3-month combination toxicity study with 
alirocumab when coadministered with atorvastatin in monkeys at doses that produced 
modest ALT increases and caused minimal to mild diffuse portal chronic inflammation, 
periductal chronic inflammation, and biliary ductular proliferation, but in the absence of 
severe toxicity. It is unknown whether recovery from more serious liver damage would 
be impacted by PCSK9 inhibitor therapies, including alirocumab. One possible 
explanation for the failure of liver to properly regenerate, owes to the discovery that 
HDL-C concentrations regulate bone marrow-derived endothelial progenitor cells54, 
including the precursors of liver sinusoidal cells. Upon significant liver damage, liver 
regeneration is dependent upon endothelial progenitor cells to migrate to the liver from 
the bone marrow, where they are responsible for directing repair of damaged hepatic 
blood vessels and tissues. This process is required for proper liver repair after partial 
hepatectomy. 55 It is tempting to speculate low HDL-C impaired the production and 
migration of progenitor cells to direct liver regeneration in PCSK9-/- mice. Rats 
administered alirocumab had low HDL and sinusoidal cell defects were observed in the 
liver. This phenomenon was not observed in the monkey with alirocumab, even where 
HDL-C levels were greatly reduced. HDL-C was not reduced in humans administered 
alirocumab, which may further argue that liver sinusoidal cell findings observed in rats 
have limited clinical relevance.  

Immune modulation in adult animals: 

Inhibition of PCSK9 produces profound lowering of circulating cholesterol. The immune 
system is dependent on cholesterol for proper function. Clonal expansion of rapidly 
dividing immune cells (e.g., B-cells, T-cells, etc.) and cell-cell signaling are heavily 
dependent on cholesterol and cholesterol derivatives56. However, no effects on immune 
cell populations, T-cell dependent antibody response (TDAR) activity, natural killer cell 

                                            
53 Zaid A, et al. “Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9): Hepatocyte-specific Low-
Density Lipoprotein Receptor Degradation and Critical Role in Mouse Liver Regeneration” Hepatology 
2008; 48:646. 
54 Noor R, et al. “High-density lipoprotein cholesterol regulates endothelial progenitor 
cells by increasing eNOS and preventing apoptosis” Atherosclerosis 2007; 192:92-99. 
55 DeLeve L “Liver sinusoidal endothelial cells and liver regeneration” J Clin Invest 2013 123:1861-1866.   
56 Norata GD, et al. “Emerging role of high density lipoproteins as a player in the immune system” 
Atherosclerosis 2012; 220:11-21. 
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activity, or cytotoxic T-cell activity were observed in adult monkeys administered 
alirocumab or a combination of alirocumab and atorvastatin. No studies designed 
specifically to challenge the immune system (e.g., introduction of an infectious agent) 
were conducted, although no imbalances for infections were observed in general toxicity 
studies in monkeys or rats. Overall, these data indicate that alirocumab is unlikely to 
affect the immune system in adult patients. 

Insulin sensitivity: 

A signal for increased transition from pre-diabetes to type 2 diabetes mellitus has been 
identified in clinical studies with statins57. Decreased insulin sensitivity was observed in 
PCSK9 knockout mice compared to wild-type mice58. Compared to wild-type mice, 
PCSK9 knockout mice were hypoinsulinemic, hyperglycemic and glucose-intolerant. 
Islets of PCSK9 knockout mice exhibited signs of dysfunction. The authors 
hypothesized that the observed pancreatic islet cell inflammation and apoptosis could 
be the result of sterol accumulation in β-cells or a failure of β-cell replacement and 
renewal. However, no effects on plasma glucose or pancreas structure/function were 
observed in studies with healthy monkeys and rats administered high doses of 
alirocumab.  

Neurocognitive assessments: 

Adverse neurocognitive events (e.g., transient confusion and memory loss) have been 
described, primarily through patient reporting, in adults on chronic statin therapy. 
Cholesterol and other sterols are important for nerve function in both the central and 
peripheral nervous system. The brain is a cholesterol-rich organ, which depends almost 
completely on de novo cholesterol biosynthesis for its sterols; peripheral blood lipids are 
unavailable to the CNS, due to blockade by the blood-brain-barrier. PCSK9 is highly 
expressed in brain tissues, although its function there is uncertain.59 Alirocumab is a 
150 kDa immunoglobulin, with very low access to the brain. Therefore, it is considered 
unlikely that alirocumab could directly affect the structure or function of the CNS, but 
this leaves the possibility of effects on peripheral neurons. No significant alirocumab-
related effects on peripheral neurons were observed in toxicity studies of up to 6 months 
duration alirocumab in rats and monkeys.  

Summary 
Toxicokinetics and Determination of Safety Margins: 

Alirocumab was subcutaneously administered for 6 months to rats at up to 50 
mg/kg/week and to monkeys at up to 75 mg/kg/week; no evidence of dose-limiting test 
item-related toxicity was observed at exposure multiples (by AUC) of up to 11X and 
103X at the maximum recommended human dose of 150 mg/kg every other week in 
rats an monkeys, respectively. The highest doses tested in repeat-dose toxicity studies 
for both species are considered to be the NOAEL doses; no maximum tolerated dose 
was observed in general toxicity studies. The maximum tolerated dose in pregnant rats 

                                            
57 Van de Woestigne AP, et al. “Effect of statin therapy on incident type 2 diabetes mellitus in patients 
with clinically manifest vascular disease” Am J Cardiol 2015; 115(4): 441-446. 
58 Mbikay M, et al. “PCSK9-deficient mice exhibit impaired glucose tolerance and pancreatic islet 
abnormalities” FEBS Letters 2010; 584:701-706.   
59 Liu M, et al. “PCSK9 is not involved in the degradation of LDL receptors and BACE1 in the adult mouse 
brain” J Lipid Res 2010; 51:2611-2618. 
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was 15 mg/kg/week (2.6X the MRHD of 150 mg alirocumab Q2W), based on maternal 
mortality. No effects were observed in offspring at doses that caused maternal mortality 
in rats. Administration of alirocumab in pregnant monkeys was well tolerated at the 
highest dose administered (75 mg/kg/week, corresponding to 81X the MRHD of 150 mg 
Q2W). However, inhibition of the adaptive immune response to a known antigen 
occurred in infant monkeys exposed to alirocumab in utero, and no NOAEL was 
established in that study. Administration of alirocumab generally led to predictable and 
dose-proportional increases in exposure in all toxicity studies in animals. Ctrough was 
66% of Cmax at the highest subcutaneous dose in rats (50 mg/kg/week) at the end of 26 
weeks of dosing and Ctrough was 72% of Cmax in monkeys administered the highest 
subcutaneous dose of alirocumab of (75 mg/kg/week) at the end of 26 weeks of dosing, 
indicating the drug was consistently present during the chronic toxicity studies. These 
data, combined with robust pharmacodynamic lowering of cholesterol, confirm adequate 
exposures throughout the toxicity studies in rats and monkeys. Exposures (AUC) in 
pregnant monkeys were similar to those in the general toxicity studies. Safety margins 
are shown in Table 32, below. 
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OVERALL conclusions and recommendations 
Based on review of the available nonclinical data, Pharmacology/Toxicology 
recommends that alirocumab be approved for the treatment of hyperlipidemia/mixed 
dyslipidemia and heterozygous familial hypercholesterolemia. 
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