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ABSTRACT
The phase 3 trials of the bone anabolic drug teriparatide were prematurely terminated because of a preclinical finding of osteosar-
coma in rats treated with high doses of teriparatide for near lifetime. Even so, results from these and subsequent clinical trials showed
efficacy and tolerability. Based on the phase 3 results and additional preclinical investigations, Forteo (teriparatide) was approved for
use in the United States with an indication for the treatment of osteoporosis in patients at high risk for fracture, a boxed warning
regarding potential risk of osteosarcoma, a 2-year lifetime limitation of use, other risk mitigations, and a requirement to assess for risk
of osteosarcoma in humans treated with teriparatide. Subsequent investigations included five real-world studies directed at asses-
sing a connection between teriparatide and osteosarcoma risk in humans. The early studies did not identify an increased risk of oste-
osarcoma but were inadequate to sufficiently characterize risk, given the low incidence of this rare form of bone cancer. Learning
from these efforts, two studies were undertaken using claims data to identify large cohorts of patients treated with teriparatide
and assess whether these patients were found to have osteosarcoma by linking pharmacy claims data with data from cancer regis-
tries. These studies showed no increase in osteosarcoma in patients using teriparatide compared with unexposed groups, as well as
to the expected population-based background incidence of the disease. Based on this real-world evidence and the totality of data
collected from postmarketing use and other clinical investigations, the label was updated in 2020. The changes included addition
of information from large observational studies using real-world evidence, removal of the boxed warning, and a revision of the
2-year lifetime limitation. Thus, observational studies with large sample sizes using real-world data can provide supportive evidence
to facilitate regulatory decisions including the elimination of a boxed warning. © 2022 Eli Lilly and Company. JBMR Plus published by
Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research.
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Introduction

Osteoporosis and osteoporotic fractures can result in signifi-
cant morbidity, increased mortality, reduced quality of life,

and health care costs.(1–3) With aging of the population, approx-
imately 500million people worldwide have been diagnosed with
osteoporosis and the annual incidence of osteoporotic fractures
is more than 8.9 million.(4,5)

Teriparatide (Forteo, 20 mcg/d by subcutaneous injection, Eli
Lilly and Company, Indianapolis, IN, USA) is a parathyroid hor-
mone (PTH) analog with sequence identical to the first 34 amino
acids of the 84-amino acid human parathyroid hormone. Forteo
was approved in the US in 2002 for the treatment of osteoporosis
in patients at high risk of fracture. Findings from a lifetime carci-
nogenicity study in which teriparatide caused an increased inci-
dence of osteosarcoma (OS) in rats resulted in the United States

label required to include a boxed warning, and treatment dura-
tion was limited to 2 years.(6,7)

This review focuses on the history of teriparatide develop-
ment, identification of the potential osteosarcoma risk based
on preclinical findings, studies directed at understanding
whether teriparatide administration was associated with osteo-
sarcoma risk in humans, recent updates to the teriparatide US
prescribing information, and the clinical implications of those
changes.

Rationale for Development of Teriparatide

Preclinical studies demonstrated the potential of intermittent
administration of PTH as an anabolic agent that stimulates oste-
oblasts and bone remodeling.(8,9) It was hypothesized that
patients with osteoporotic fractures would benefit from an
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anabolic approach using intermittent PTH that would quickly
rebuild the skeleton, although the anabolic therapy fluoride
had failed to reduce fracture risk,(10) and there was scientific
uncertainty about the effects of teriparatide at cortical bone
sites.(11) Clinical development of daily subcutaneous teriparatide
and a 2-year preclinical toxicology study in rodents were
undertaken.(6)

Phase 3 Clinical Studies and Their Early
Termination—Osteosarcoma in Preclinical
Studies

A pivotal, phase 3, multinational, randomized, double-blind,
3-year clinical study was conducted to assess the efficacy of ter-
iparatide in 1637 postmenopausal women with prior vertebral
fracture.(12) However, this study was prematurely terminated
after a median of 19 months of treatment when the long-term
toxicology study in rats showed evidence of osteosarcoma after
near lifetime exposure to teriparatide.(6) Even so, when the clini-
cal trial data from this study was initially and subsequently eval-
uated, results showed reductions in vertebral fractures,
nonvertebral fractures, back pain, and increased bone mineral
density.(12–15) A paired iliac crest bone biopsy study from a sub-
set of patients showed an increase in trabecular bone volume
and cortical thickness, and improvements in trabecular connec-
tivity and structural model index.(16) Post hoc analyses suggest
teriparatide may be effective and safe in patients with renal
insufficiency; data are limited in patients with severe renal
impairment.(17–19) Additional studies supported the findings that
teriparatide was associated with clinical efficacy in patients with

osteoporosis at high risk for fracture.(20–26) Teriparatide had a
novel mechanism of action compared with antiresorptive drugs
and greater fracture risk reduction in a head-to-head fracture
trial compared with a bisphosphonate.(27–31) Teriparatide was
generally well tolerated.

Preclinical findings

Lilly performed one of the first long-term toxicology studies of a
recombinant biotherapeutic. Fisher rats (n = 344) were treated
with once-daily subcutaneous injections of control or
supratherapeutic doses, including 5 μg/kg, 30 μg/kg, and
75 μg/kg teriparatide from ages 6 to 8 weeks.(6) Results showed
anabolism in rodent bone, with quantitative computed tomog-
raphy (QCT) images showing excessive increases in bone mass
with reduction and loss of the marrow space; the bone mineral
content at the end of treatment was similar to that of a rod of
pure bovine cortical bone. Osteosarcoma was observed in a
dose-dependent manner (Fig. 1), and daily hormonal stimula-
tion of osteogenesis provided a biological rationale for the
findings.

A second rodent toxicology study was designed. This study
showed that treatment for 20months at a clinically relevant dose
did not result in bone tumors in the rat, establishing that
teriparatide-induced osteosarcomas in rats were both time-
and dose-dependent. Also, a study of ovariectomized monkeys
treated with a teriparatide dose achieving 8 times the clinical
exposure for 18 months and observation for 3 additional years
showed no bone tumors.(32,33)

Tashijian and colleagues reviewed the differences in bone
physiology between rat and primates.(34) Rats have a continuous,

Fig. 1. Skeletal changes and incidence of osteosarcoma in rats after exposure to different doses of once-daily teriparatide versus control in first rodent
toxicology study. The study included 60 animals per sex per group. OS = osteosarcoma.
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near-lifetime skeletal growth and lack osteonal remodeling,
whereas primate bones do not have continuous growth and
bones are renewed by remodeling. These differences between
the species resulted in an excessive bone anabolic response in
the rat comparedwith the responses that were observed inmon-
key and in osteoporosis patients.(34)

After the initial rat toxicology study, Lilly established an oncol-
ogy advisory board of osteosarcoma experts to consider these
preclinical findings. The board concluded that the rat osteosar-
coma findings were unlikely to predict development of bone
tumors in humans. This was based on the following consider-
ations: lifetime duration of treatment in rats compared with rela-
tively brief exposure in humans, treatment was initiated in rats
during relatively rapid growth phase, differences in rat and
human bone biology and response to teriparatide, the finding
of no bone tumors in the monkey study, and lack of association
between hyperparathyroidism and osteosarcoma. No cases of
osteosarcoma were observed in the clinical trials of patients trea-
ted with teriparatide. Based on the phase 3 studies demonstrat-
ing clinical efficacy and the evidence suggesting that the rodent
findings were unlikely to be predictive of similar effects in
humans, Lilly submitted a new drug application to the US FDA
for use of teriparatide for the treatment of patients with
osteoporosis.

US FDA Approval of Teriparatide With a Boxed
Warning, 2-Year Limitation of Use, Risk
Evaluation and Mitigation Strategies, and
Postmarketing Requirements

The US FDA reviewed the teriparatide New Drug Application and
convened an advisory board at which there was discussion of the
benefits of teriparatide versus risks related to the preclinical toxicol-
ogy findings.(35) The advisory committee viewed the efficacy of teri-
paratide favorably but was not convinced that the safety profile had
been fully defined based on the limited power of the clinical trials to
detect an increase in osteosarcoma risk.(36) Based on the medical
need for an anabolic therapy and that the human risk of osteosar-
coma based on the rodent toxicology studies was theoretical, the
FDAapproved Forteo (teriparatide) for the treatment of patientswith
osteoporosis at high risk of fracture to ensure patients had a suffi-
ciently high medical need for anabolic therapy to outweigh the
potential risks.(37) Additional risk mitigation strategies including ade-
quate labeling and inclusion of aMedicationGuidewere put in place.
Labeling of the product included a boxed warning regarding the
potential risk of osteosarcoma along with a recommendation to
avoid thedrug inpatients at high risk for osteosarcoma. Labeling also
stated that use of the drug for more than 2 years over a lifetime was
not recommended. Additional risk mitigation measures included a
Risk Evaluation and Mitigation Strategy with an education compo-
nent to ensure that patients and prescribers were aware of the safety
concerns related to the preclinical toxicology findings. Additionally, a
postmarketing surveillance program was required to gain further
insights into the potential risk of osteosarcoma in humans.(37)

Postmarketing Surveillance Studies: Incidence of
Osteosarcoma

A comprehensive program consisting of five post-approval
observational studies developed over more than 15 years was
undertaken to characterize the risk of osteosarcoma among

patients treated with teriparatide (Table 1). This work was itera-
tive, with learning from each of the studies along the way guid-
ing later studies.

The first was the Osteosarcoma Surveillance Study, a 15-year
study initiated in 2003 as a postmarketing commitment to the
US FDA. The study design and findings from the first 7 years were
published in 2012(38) and the final results in 2020.(7) In this study,
a case series design identified incident cases of osteosarcoma
through cancer registries and used interviews to collect data
regarding any exposure to teriparatide. Given the background
rate of 3.2 cases permillion per year (derived fromNCI-SEER rate),
age- and sex-adjusted to the teriparatide-treated population, the
expected number of cases was 4.17 cases. The study observed
3 cases and an estimated standardized incidence ratio of 0.72
(90% confidence interval [CI], 0.20–1.86).(7) The results showed
that osteosarcoma incidence with teriparatide use was not
higher than the background incidence rate. In addition, another
osteosarcoma surveillance study was conducted in five Nordic
countries using regional and national cancer registry data to
identify osteosarcoma cases and chart review to ascertain expo-
sure to teriparatide. Among 109 cases of osteosarcoma identi-
fied, none had a record of teriparatide use. Given the limited
number of osteosarcoma cases expected within the Nordic
country population, the authors note that exposure to teripara-
tide among patients diagnosed with osteosarcoma would only
be expected if there had been a large increased risk with the
use of teriparatide.(39,40) Limitations for each of the studies
included the number of osteosarcoma cases observed given this
is a rare disease, the lack of a comparison group, and inability to
control for potential confounders.

When teriparatide was approved for treatment of
glucocorticoid-induced osteoporosis, a new study termed the
Forteo Patient Registry was added to the program in 2009. In
the Forteo Patient Registry, patients receiving a Forteo prescrip-
tion were requested to voluntarily register. Patients treated with
Forteo were followed by linking their data to cancer registry data
to identify patients developing osteosarcoma. In this study, 6180
osteosarcoma cases were linked with 75,247 patients in the For-
teo Patient Registry, and no matches were found. Limitations of
this study were that the study was not comparative and the
number of patients enrolled was lower than the target number
to evaluate the risk of developing osteosarcoma.(41)

Although these earlier studies did not suggest an increased
risk of osteosarcoma in patients treated with teriparatide, they
were inadequate to sufficiently characterize osteosarcoma risk.
Accordingly, two large, population-based, observational cohort
studies were undertaken to identify a larger sample of patients
treated with teriparatide using Medicare and a large commercial
claims database. These pharmacy claims databases were linked
to cancer registry data to identify cases of osteosarcoma among
teriparatide-treated patients. Teriparatide exposure was
observed for 3 and 0 osteosarcoma cases among 379,283 and
153,316 teriparatide users, respectively.(19,40,42) The study results
suggested a similar risk for osteosarcoma between teriparatide
users and their unexposed comparators.(19, 40, 42)

Overall, the real-world data collected since 2003 through 2019
showed that the incidence rate of osteosarcoma in patients trea-
ted with teriparatide (2.47 million patients) did not exceed the
background incidence rate.(7,40–43) Additionally, observational
studies of teriparatide use (without a focus on osteosarcoma)
conducted in various geographies have also not reported any
cases of osteosarcoma.(44–48) Thus, an increased risk of osteosar-
coma has not been observed in observational studies in humans.
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Osteosarcoma-Related Updates in the Forteo
(Teriparatide) US Prescribing Information

Based on the totality of data from the postmarketing surveillance
studies (Table 1), other observational studies, postmarketing
pharmacovigilance, and literature review, the FDA approved sev-
eral updates to the Forteo (teriparatide) US prescribing informa-
tion, which came into effect on November 16, 2020(19) (Table 2).
The findings from the Forteo Medicare linkage study and Forteo
commercial claims linkage study showing a similar risk for osteo-
sarcoma with teriparatide for 2 years or less and comparators
were added to the label with a limitation regarding incomplete
control for confounders (Tables 1 and 2).The boxed warning
regarding the preclinical finding of osteosarcoma in rats was
removed, although thewarning/precaution describing the possi-
ble risk of osteosarcoma in humans was retained because of the
rare frequency of the event, incomplete information regarding
confounders, and limited information regarding use of teripara-
tide for more than 2 years.

Another change was the lifetime restriction on duration of use
of teriparatide for up to 2 years was adjusted to allow patients
remaining at or who have returned to having a high risk for frac-
ture to take teriparatide beyond 2 years (Table 2).

Clinical Implications of the Label Updates

The updates to the Forteo (teriparatide) label provide patients
and clinicians with the information that an increased risk of oste-
osarcoma has not been observed in humans treated with teri-
paratide. The information from teriparatide clinical trials,
observational studies, and the postmarketing surveillance pro-
gram can help clinicians in benefit–risk assessments and making
informed decisions on treatment strategy for patients with oste-
oporosis who are at high risk of fracture.

Some patients who complete 24 months of treatment with
teriparatide remain at high risk for fracture or return to a state
of high risk for fracture after a previously completed course.
These patients may benefit from additional treatment or retreat-
ment with teriparatide. Thus, modification of the 2-year lifetime
limitation of use may provide prescribers an opportunity to tailor
the treatment duration andmanage their patients based on their
individual needs.

Recently, Miller and colleagues published some clinical situa-
tions in which treatment with teriparatide beyond 2 years may
be beneficial.(49) These included patients with osteoporosis and
very high fracture risk and dependency on glucocorticoid ther-
apy, high fracture risk and high P1NP levels after 2 years of treat-
ment with teriparatide, high fracture risk with multiple vertebral
compression fractures at baseline while none with teriparatide,
adynamic renal bone disease, severe chronic obstructive pulmo-
nary disease, and vertebral compression fractures.(49)

Limitations and Future Directions

There are some limitations of the currently available data for teri-
paratide. The efficacy and safety data beyond 2 years of treatment
with teriparatide is limited both in terms of continuous treatment
as well as retreatment.(50–53) Data are not available to guide the
duration of additional treatment beyond 2 years. Therefore, the
risk of osteosarcoma in humans with longer duration of treatment
is not fully understood, requiring physician judgment of benefit/
risk in individual patients. Consequently, the updated label reflects

that use of teriparatide formore than 2 years during a patient’s life-
time should only be considered if a patient remains at or has
returned to having a high risk for fracture. Observational studies
using pharmacy claims data have some limitations. The limitations
for the linkage studies using Medicare and commercial pharmacy
claims include an inability to assess detailed baseline patient char-
acteristics andmedical histories (only prescription data were avail-
able in the study data sources) and these study designs could not
completely measure and control for confounding. It is unknown
whether findings from patients treated with teriparatide are rele-
vant to other anabolic treatments, such as PTHrP analogs.

In summary, the initial phase 3 trials of the bone anabolic drug
teriparatide were stopped because of a preclinical finding of oste-
osarcoma in rats treated with high doses of teriparatide for near
lifetime. Even so, teriparatide was observed to reduce fracture risk
in postmenopausal womenwith osteoporosis and showed efficacy
and tolerability in the phase 3 program and in subsequent studies
with a positive benefit to risk profile. Based on the phase 3 results,
additional preclinical findings, and with risk mitigations, the agent
was approved for use. Subsequent studies including in real-world
settings have not identified an increased risk of osteosarcoma in
humans, and the label has been updated and adjusted, including
removal of the boxed warning and a revision of the 2-year lifetime
limitation. Thus, observational studies with large sample sizes
using real-world data can be an important and efficient strategy
for generating evidence in support of regulatory decision making
and significant label updates.
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