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ABSTRACT
The only treatment currently available for patients with severe infantile osteopetrosis is hematopoietic cell transplantation (HCT).
HCT-related toxicity and mortality risks typically preclude its use in non-infantile patients, and other therapies are needed for
these patients who have significant disease-related morbidity. Interferon gamma-1b is currently approved by the U.S. Food
and Drug Administration (FDA) for treatment of severe infantile osteopetrosis (autosomal recessive osteopetrosis [ARO]). How-
ever, little is known about the effects of interferon gamma-1b in non-infantile osteopetrosis. Thus, this pilot study aimed at test-
ing the safety and tolerability of interferon gamma-1b in patients with non-infantile osteopetrosis and assessing the clinical
effects. We performed a 12-month, open-label, multi-center pilot study involving patients >1 year-old diagnosed radiographi-
cally with osteopetrosis. Patients were initiated on interferon gamma-1b subcutaneously 15 μg/m2 three times weekly, to be
titrated over 3 weeks to a goal of 100 μg/m2 three times weekly. The primary aim was safety and tolerability. The secondary aims
were to assess changes in peripheral quantitative computed tomography (pQCT), dual-energy x-ray absorptiometry (DXA) bone
mineral density (BMD) Z-scores, bone biomarkers, and quality-of-life (QOL) measures. Four of the five participants enrolled with-
drew from the study between 3 and 9 months due to intolerability of interferon gamma-1b–related flu-like symptoms. The last
participant completed the study with the addition of prednisone on days of interferon gamma-1b administration. DXA and pQCT
outcomes were stable over 6–12 months, and there were no clear trends in bone biomarkers or QOL measures. No serious drug-
related adverse events were reported during this study. Interferon gamma-1b was only tolerable in one of five participants with
the addition of prednisone. The stabilization of BMD and other measures of bone health during this study suggest possible pos-
itive effects of interferon gamma-1b on osteopetrosis; however, additional data are needed before conclusions on treatment effi-
cacy can be made. © 2022 The Authors. JBMR Plus published by Wiley Periodicals LLC on behalf of American Society for Bone and
Mineral Research.
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Introduction

Osteopetrosis is a rare inherited metabolic bone disease
characterized by impaired osteoclast function resulting in

defective bone resorption and generalized high bone mass and
bone mineral density (BMD). In patients with severe disease, this
high bone mass compromises bone marrow space leading to
marrow failure and frequent infections, along with hepatosple-
nomegaly from extramedullary hematopoiesis. Visual defects
may result due to impingement of cranial nerves. Other severe

sequelae can include osteomyelitis, hypocalcemia and hypocal-
cemic seizures, “brittle bones” causing an increased fracture risk,
or osteopetrotic rickets in childhood.(1)

Prior to the availability of categorizing disease based on geno-
type, three clinical phenotypes were described as (i) severe
infantile, (ii) intermediate, and (iii) adult onset. More recently,
phenotypes can be defined based on two distinct genotypes:
(i) autosomal recessive osteopetrosis (ARO), which can be
further broken down to subtypes of severe ARO—diagnosed in
infancy—and attenuated ARO—whichmay present in childhood

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
Received in original form July 20, 2021; revised form December 8, 2021; accepted December 27, 2021.
Address correspondence to: Lynda E. Polgreen, MD, MS, Lundquist Institute at Harbor-UCLA Medical Center, 1124 W. Carson Street, Liu Research Building,
Torrance, CA 90502, USA. E-mail: lpolgreen@lundquist.org
Additional supporting information may be found online in the Supporting Information section.

JBMR® Plus (WOA), Vol. 6, No. 3, March 2022, e10597.
DOI: 10.1002/jbm4.10597
© 2022 The Authors. JBMR Plus published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research.

1 of 8 n

https://orcid.org/0000-0001-9178-2500
http://creativecommons.org/licenses/by/4.0/
mailto:lpolgreen@lundquist.org


and adolescence; and (ii) autosomal dominant osteopetrosis
(ADO2), with a wide spectrum of disease and more protracted
clinical course.(2) Medical literature still references the intermedi-
ate osteopetrosis phenotype, but advances in genetics demon-
strate that this is a mixed group with patients with attenuated
ARO or more severe forms of ADO2. Disease severity is highly
variable.

There are currently no curative therapies for individuals with
non-infantile osteopetrosis (ADO2 or attenuated ARO). The con-
sensus guidelines developed by the Osteopetrosis Working
Group recommend symptom based supportive therapy for dis-
ease complications.(3) The only treatment for individuals with
severe forms of osteopetrosis is hematopoietic cell transplanta-
tion (HCT); however, survival in patients is only around 55%–
85% for attenuated ARO and even lower for ADO2.(4,5) Therefore,
this treatment is only indicated in select individuals with life-
threatening complications of their disease. Clearly, additional
treatments for osteopetrosis are needed for individuals who
are not candidates for HCT or where the risk associated with
HCT outweighs the potential benefit.

Interferon gamma is a naturally occurring cytokine that has
been shown to have anti-microbial and anti-viral immunomodu-
latory effects,(6) and is a potent stimulator of superoxide anion
production, which in turn promotes the formation and activation
of osteoclasts.(7) Interferon gamma-1b has been shown to
increase osteoclast size, tartrate acid phosphatase staining, and
superoxide anion production in cell culture from patients with
osteopetrosis.(8) In addition, osteopetrotic mice have increased
marrow space following treatment with interferon gamma-1b.(9)

There have been two previous studies of interferon gamma-
1b in a small group of individuals with ARO.(10,11) In one study,
Key and colleagues(11) followed 14 patients with ARO receiving
therapeutic interferon gamma-1b for osteopetrosis. After
6 months of therapy, all 14 ARO patients showed significant
decreases in trabecular bone area as assessed as a percentage
of total bone biopsy area, from 55.3% � 15.0%, to 33.2% �
18.0% (p = 0.002). This improvement was additionally found to
be sustained in the 11 patients that remained in the study to
18 months, at 34.6% + 3.5% (p = 0.02). Lumbar spine (L1–L4)
BMD measured by dual-energy X-ray absorptiometry (DXA)
decreased by 14% at 6 months and 17% at 18 months. Hemoglo-
bin concentration increased on average from 7.5 to 10.5 g/dL at
18 months (p = 0.05), while superoxide generation by granulo-
cyte macrophage colonies as measured by nitroblue tetrazolium
reduction improved from 0.26 to 0.41 optical density units
(p < 0.001).(10) These studies resulted in U.S. Food and Drug
Administration (FDA) approval of interferon gamma-1b for ARO
but not for ADO2 because of the young age of the participants.
These studies were performed prior to the identification of the
genetic basis of recessive osteopetrosis, including the TCIRG1
and CLCN7 genes, of which CLCN7 is also implicated in dominant
disease. Based on these studies, and the relatively high fatality
rate of hematopoietic stem cell transplant (HSCT) in patients with
non-infantile disease, we conducted a 12-month open-label pilot
study of interferon gamma-1b in patients with non-infantile
(severe ARO or ADO2) osteopetrosis.

Patients and Methods

Trial design

This study was a 12-month open label pilot study of the safety
and tolerability of interferon gamma-1b in individuals with

non-infantile osteopetrosis. Patients diagnosed with osteopetro-
sis based on radiographic findings, who were ≥1 year of age, and
could travel to one of two study centerswere included in the study
if they had one or more of the following: (i) hemoglobin <12 g/dL,
not related to iron deficiency; (ii) absolute neutrophil count <1000
neutrophils/μL unsupported with cytokines; (iii) platelet count
<50,000 cells/μL; (iv) history of impaired bone healing; and
(v) one or more serious infections over prior year, defined as
requiring hospitalization and/or intravenous (iv) antibiotics.
Patients were excluded from participation in the study for any of
the following: (i) history of HCT; (ii) pregnant or breastfeeding;
(iii) known or suspected allergy to interferon gamma-1b or related
products; (iv) participation in any simultaneous therapeutic study
that involved an investigational drug or agent within 4 weeks of
study enrollment; (v) alanine aminotransferase (ALT) >3� upper
limit of normal; and (vi) thalassemia or other hemoglobinopathy
due to potential for inhibition of erythropoiesis and/or increased
red blood cell destruction (added after worsening anemia in one
participant with thalassemia).(12–15)

The primary endpoint of this pilot study was to determine the
safety and tolerability of interferon gamma-1b in patients with
non-infantile osteopetrosis. Specifically, it involved the ability
continue on treatment at the goal dose for 12 months following
enrollment. The secondary endpoints of this study were to
obtain preliminary efficacy data on changes in bone density
and other measures of bone health, markers of bone formation
and resorption, physical function, and quality-of-life.

Intervention

To minimize side effects, patients were to receive an escalating
dose of interferon gamma-1b (ACTIMMUNE; Horizon Therapeu-
tics, Dublin, Ireland) over the first 4 weeks of the study: initial
dose of interferon gamma-1b subcutaneous 15 μg/m2 three
times weekly for week 1, then escalated to 30 μg/m2 three times
weekly for week 2, 50 μg/m2 three times weekly for week 3, then
up to the target dose of 100 μg/m2 in week 4. Doses were
decreased and titrated to tolerability on a case-by-case basis at
the discretion of the site principal investigator (PI) to manage
subsequent drug-related adverse events. Once it was deter-
mined that interferon gamma-1b was intolerable, a protocol
amendment was made to add prednisone 20 mg by mouth on
the days of injections (2 days per week) to prevent the flu-like
reaction.

Human subjects approval

This study was conducted in accordance with the Declaration of
Helsinki and was approved by the Institutional Review Board
(IRB) at each institution. Prior to enrollment, all subjects or parents
for subjects under the age of 17 years provided written consent
after appropriate discussion of the risks and benefits of participa-
tion. Assent was obtained from participants 7–17 years old. The
trial is listed on ClinicalTrials.gov identifier NCT02666768. A Data
and Safety Monitoring Plan approved by the local IRBs was fol-
lowed that included an individual Data Safety Monitor with rele-
vant expertise who reviewed prespecified data every 6 months.

Assessments

To minimize ascertainment bias, a Manual of Operations and
standardized case report forms were used to collect samples
and outcome measures consistently at each site. However,
because the one participant enrolled at site 2 withdrew before
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month 3 assessments, all data we present herein were collected
at one site.

Participants were contacted monthly to obtain data on
adverse events and recorded in the REDCap (https://www.
project-redcap.org/) database.

Radiographic assessments were performed using peripheral
quantitative computed tomography (pQCT) (XCT 2000; Stratec
Medizintechnik, Pforzheim, Germany) to assess change in volu-
metric bone mineral density (vBMD) at the tibia 3% and 38%
sites. The radius 3% and 38% sites were added after participant
3 enrolled due to inability to obtain tibia measurements in this
participant. With osteopetrosis, the trabecular and marrow areas
fill in with bone so a traditional pQCT analysis does not work. A
complete description of the pQCT analysis approach used is
included as Supplemental Methods.

Bone effects were also measured using DXA (Hologic Discov-
ery A; Hologic, Marlborough, MA, USA) to assess areal bone min-
eral density (aBMD) Z-scores.

Patient reported outcomes were collected using two different
surveys: Child Health Questionnaire - Parent Form 50 (CHQ-PF50;
healthactchq, Inc., Boston, MA, USA) and the RAND Medical Out-
comes Study Short Form-36 (SF-36; RAND Corporation, Santa
Monica, CA, USA) for participants <18 years and ≥18 years,
respectively.

Blood and urine samples were collected in themorning after a
minimum 8-hour fast, immediately processed, frozen, and stored
at �80�C. All biomarker samples were run in one batch at the
end of the study in the TransGenomics Laboratory at the Lund-
quist Institute (Torrance, CA, USA). C-telopeptide (CTX; MyBio-
Source, Inc., San Diego, CA, USA; MBS2607151) and total
Procollagen Type I Intact N-terminal Propeptide (P1NP; MyBio-
Source, Inc.; MBS165070) were measured by enzyme-linked
immunosorbent assay (ELISA) using kits from MyBiosource, Inc..
Receptor activator of nuclear factor κΒ ligand (RANKL;
ab213841) and osteoprotegerin (OPG; ab189580) were mea-
sured by ELISA using kits from Abcam (Cambridge, MA, USA).

Safety laboratories were measured at Quest Diagnostics
(Secaucus, NJ, USA).

Statistical analysis

Descriptive statistics are presented as mean � standard devia-
tion (SD) for continuous variables, and as frequency and percent

for nominal variables. Change in outcomes over time was deter-
mined using GEE analysis (STATA 14.2; StataCorp, LLC, College
Station, TX, USA). For all analyses, p values are presented; how-
ever, given the small sample size, significance, or lack thereof,
should be interpreted with caution.

Results

Study population

We enrolled five participants between April 2016 and March
2018, with a clinical diagnosis of osteopetrosis based on charac-
teristic radiographic findings: four with ADO2 and one with
attenuated ARO. Lumbar spine aBMD Z-score by DXA at baseline
ranged from+4.7 to+18.9, and total body from+4.2 to+13.5. It
was not a requirement to have genetic confirmation of osteope-
trosis, though of the five participants, four had genetic
confirmation.

Baseline characteristics are shown in Table 1. No participants
were taking calcitriol or glucocorticoids for the 12 months prior
to enrollment or during the trial, except for the last participant
for whom prednisone was prescribed by the study physician at
month 3. Baseline laboratory values for parathyroid hormone,
total calcium, absolute neutrophil count, platelet count, and liver
and kidney function were all normal. All 25-hydroxy vitamin D
levels were >20 ng/mL for the duration of the study. Baseline
hemoglobin was low for all participants, ranging from 8.2 to
10.6 g/dL in females, and 13.2 g/dL in one male participant.
Urine calcium/creatinine ratio was <0.18 mg/mg in all partici-
pants. No participant developed anti-drug antibodies.

All data, besides safety and tolerability data, are from four par-
ticipants at a single site because one participant at a second site
withdrew prior to their month 3 visit.

Tolerability

Four of the five participants withdrew from the study between
3 and 9 months due to the intolerability of interferon gamma-
1b–related flu-like symptoms. No participant tolerated the goal
dose of 100 μg/m2 for the intended 12-month duration of the
study. The last subject enrolled was treated with prednisone
20 mg (0.3 mg/kg/dose) orally on days of interferon gamma-1b
administration starting at month 3, and that resulted in tolerance

Table 1. Description of Participants

Participant Age (years) Sex Genotype Site Diagnosis Race Eligibility for study entry

1 22 F CLCN7 c.857G>A; Arg286G 1 ADO2 Black Anemic, history of impaired bone
healing, 1 or more serious infection
over prior year

2 59 F CLCN7 c.2250+1G>T,
heterozygous, intron 23

1 ADO2 White Anemic, history of impaired bone
healing

3 48 M Unknowna 1 ADO2 Other or mixed History of impaired bone healing
4 36 F CLCN7 c637C>T; Leu213Phe 2 ADO2 White Anemic, history of impaired bone

healing, sustained a fracture over the
last year

5 15 F 2 VUS: TCIRG
c.1249G>A and c.1735G>A

1 ARO White Anemic, history of impaired bone
healing, sustained a fracture over the
last year

ADO2= autosomal dominant osteopetrosis type 2; ARO = autosomal recessive osteopetrosis; CLCN7 = chloride voltage-gated channel 7; F = female;
M = male; TCIRG = T cell immune regulator 1; VUS = variant of unknown significance.

aClinical diagnosis of ADO2 was made by the participant’s physician based on age and radiographs prior to enrollment in the study.
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of a maximum dose of 60 μg/m2 subcutaneously three times
weekly for the duration of the study (12 months).

Three of the five subjects did not tolerate the rate of initial
dose escalation over the first 4 weeks of the study, and one never
tolerated more than 30 μg/m2. Dose adjustments were made at
the discretion of the site PI with the goal to achieve the highest
tolerable dose. Specifics for each participant follow:

Participant 1: Dose decreased from 100 μg/m2 to 50 μg/m2

(1.0 μg/kg) between months 2 and 3 due to flu-like symptoms
and discontinued at month 5 due to persistent flu-like
symptoms.

Participant 2: Tolerated a dose of 100 μg/m2 (2 μg/kg) until
month 8 then withdrew due to flu-like symptoms.

Participant 3: Fluctuating tolerability throughout study partic-
ipation. Dose was adjusted frequently for the 9-month duration
the patient continued in the study due to joint pain and flu-like
symptoms. Dosing ranged between 7.6 μg/m2 and 30 μg/m2

(0.2 μg/kg), with the majority of doses falling within the 15–
25 μg/m2 range. Subject withdrew at month 9.

Participant 4: Tolerated 4-week dose escalation schedule up to
100 μg/m2, then dose decreased to 50 μg/m2 at week 5 and to
30 μg/m2 at week 7 both due to flu-like symptoms. Continued
this dose for 2 weeks, then attempted to titrate dose up again
over 4 weeks. Reached dose of 43.75 μg/m2 (0.7 μg/kg), at which
time the subject withdrew from the study.

Participant 5: Dose was titrated per protocol up to 60 μg/m2

(0.7 μg/kg), which was the maximum tolerated dose with the
addition of prednisone at month 3.

Bone

The change in DXA Z-scores over time from two of the partici-
pants is shown in Fig. 1. The Z-scores over the duration of the trial
were generally stable. Lumbar spine DXA Z-scores (from a differ-
ent DXA than the one used for the study) from prior to study
enrollment were available in one participant; these show a grad-
ual increase in Z-score over the 5 years prior to baseline mea-
surement. Lumbar spine (L1–L4) BMD increased by 1% in
participant 3 and 3% in participant 5. Total body BMD increased
by 2% and 1%, respectively.

With osteopetrosis the trabecular andmarrow areas fill in with
bone so a traditional pQCT analysis does not work well. Our goal
was to find if the bone was changing, and if so where, so we used
an approach that quantified the area of bone with a BMD below
the total BMD mid-point for the 3% site and the area of bone
with a BMD <150 mg/cm3 at the 38% site. These changes in area
are shown in Fig. 2.

Changes in biomarkers over the course of the trial are shown
in Fig. 3. CTX and RANKL were generally stable or decreasing
from baseline to month 6, and then CTX increased in the remain-
ing two participants after month 6. P1NP increased in two partic-
ipants and was stable in two. OPG had a slight trend downward
in three of four participants. The ratio of bone resorption to bone
formation was generally stable except for a downward trend in
two participants.

RAND SF-36

The RAND SF-36 survey outcomes measuring quality of life are
reported in Table 2 for the four participants with ADO2; the par-
ticipant with ARO was too young for this survey and so com-
pleted the CHQ-PF50 with a parent instead. Although there
were no differences demonstrated in physical functioning, role

limitations due to physical limitation, emotional problems,
energy, emotional well-being, social functioning, pain, or general
health, it was noted that RAND SF-36 Survey outcomes demon-
strated worsening scores in physical function and pain, possibly
as a side effect of the interferon treatment. However, without a
control group of patients only receiving current standard of care,
the true effect on these outcomes cannot be assessed. It is pos-
sible that interferon gamma-1b prevented steeper decline in
these scores compared to current therapies available.

Adverse effects

All subjects had one or more adverse events. The most com-
monly reported adverse event was flu-like symptoms, and this
effect was the main limiting factor in this study leading to with-
drawal of four of five participants. No serious drug-related
adverse reactions were reported during this study. A summary
of adverse events is shown in Supplemental Table S1.

Discussion

In this pilot study to explore the use of interferon gamma-1b in
severe ADO2 and attenuated ARO, continuation of the drug
was found to be intolerable due to flu-like side effects. However,
we learned that the addition of prednisone prevented the intol-
erable side effects in one patient in whom prednisone was
administered concurrently. The patient who completed the
entire duration of the study with glucocorticoids as an adjunctive
therapy provides some evidence supporting the tolerability of
interferon gamma-1b as a potential therapeutic agent for this
rare disease that is otherwise lacking in treatment options. We
believe the data obtained through this pilot study supports pur-
suing further evaluation of interferon gamma-1b in combination
with glucocorticoids in a larger trial with the goal of elucidating

Fig. 1. Change in DXA Z-scores over time in two participants: dashed
lines with triangle is participant 5 (ARO) and solid lines with star is partic-
ipant 3 (ADO2). Data are only available for two participants due to with-
drawal of all other participants before month 9. DXA data prior to
baseline were available from one participant’s medical records and so
included to show change over time, but data prior to study enrollment
were collected on different machines than the one used in the trial.
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not only additional safety and tolerability data, but also clinical
efficacy.

Interferon gamma is produced primarily by T-lymphocytes,
natural killer cells, and natural killer T-lymphocytes. The cytokine
has many effects on both host defense and immune
regulation—including antiviral, antimicrobial, and antitumor
activity. Conversely, aberrant interferon gamma expression has
been associated with a number of autoinflammatory and auto-
immune diseases. As a result of this broad range of effect, inter-
feron gamma has been utilized clinically as primary, adjunctive,
and experimental treatment for a similarly broad array of other
medical conditions, including cancer, tuberculosis, hepatitis,
chronic granulomatous disease, and atopic dermatitis.

The major limiting factor in our study was the severe flu-like
reaction experienced by all participants. Glucocorticoids have
been used as an adjunct with interferon treatments to improve
tolerability in several different health conditions. For example,
low-dose prednisone plus interferon beta-1b improved flu-like
symptoms compared to interferon beta-1b alone in a study of
71 patients with multiple sclerosis.(16) In another study of inter-
feron beta-1b treatment of patients with multiple sclerosis,
low-dose steroids decreased the percentage of macrophage
and B-lymphocytes producing IL-6.(17) This fits with other studies

that have demonstrated IL-6 to be a proinflammatory cytokine
with a central role in mediating fever and acute phase response.
In the murine model, injection of lipopolysaccharide into a ster-
ile, subcutaneous air pouch evoked a body temperature increase
that was accompanied by a significant increase in concentrations
of IL-1 and IL-6 within the pouch, but only IL-6 in circulation and
cerebrospinal fluid, providing some evidence supporting IL-6 as
the principal endogenous circulating pyrogen responsible for
activating central nervous system (CNS) mechanisms of fever
and inflammation.(18)

Although flu-like side effects were attributed as the primary
cause of withdrawal for four of five participants in this study,
other adverse effects also played a role. Among the side effects
contributing to withdrawal was pain exacerbation. There is sup-
porting research elucidating the mechanism of pain, specifically
neuropathic pain, as mediated by interferon gamma. Naive spi-
nal microglia express a receptor for interferon gamma based
on a murine model and stimulating this receptor converts the
microglia into activated cells that produced a long-lasting pain
sensitivity as measured using a behavior assay for tactile allody-
nia.(19) Rats exposed to interferon gamma demonstrated a
decreased paw withdrawal threshold to mechanical stimulation,
with increased sensitivity peaking between 2 and 3 days, lasting

Fig. 2. Percent change in the area of bone in the tibia and/or radius with BMD below the total BMDmid-point at the 3% site and below 150 mg/cm3 at the
38% sitemeasured by pQCT. Missing data are because the radius was added to the study after wewere unable to obtain tibiameasurements in participant
3 due to pQCT gantry size. Details of the analysis are available in Supplement Document 1.
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at least 10 days after administration, and demonstrating a dose-
dependent relationship. Conversely, in a parallel experiment in
which interferon gamma receptors were ablated, the animal
model demonstrated an impaired pain response at all time
points, without affecting the baseline mechanical sensitivity or
paw withdrawal response. These findings in combination sug-
gest the importance of interferon gamma and its associated
receptor in the role of mediating signaling for converting spinal
microglia to the activated phenotype to subsequently produce
the pain response.

Another potential adverse effect noted within this study was
the action of interferon gamma in the setting of thalassemia, as

demonstrated by a participant with β-thalassemia who devel-
oped worsening anemia that resolved after discontinuation of
interferon gamma-1b. Prior studies support a causal relationship
between interferon gamma and worsening anemia. An early
suggested mechanism based on cell culture studies postulated
that exposure to interferon gamma causes hematopoietic sup-
pression through inhibition of cell cycle progression and induc-
tion of apoptosis of CD34+ cells(13) resulting from increased
Fas antigen expression on CD34+ cells.(12) More recently, it was
found that interferon gamma provokes hematopoietic stem cells
to favor myeloid over erythrocyte differentiation, and over self-
renewal, thus leading to depletion of the hematopoietic pool

Fig. 3. Changes inmarkers of bone formation (P1NP, OPG) and bone resorption (CTX, RANKL), alongwith ratios of bone resorption to bone formation over
3–12 months of interferon gamma-1b treatment. Dashed line is participant 5 (ARO) and solid lines are participants 1–3. Participant 4 was not included
because only baseline samples were collected. *Indicates where prednisone 20 mg on day of injections was started in the one participant with
severe ARO.
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and subsequently worsening anemia.(20,21) In patients with thal-
assemia, interferon gamma, among other cytokines, is associ-
ated with impaired reticulocyte maturation.(15)

Because our study had no control group and natural history
data are unavailable, we need to use prior studies of interferon
gamma-1b in patients with osteopetrosis(10,11,22) to assist with
data interpretation. In the Key and colleagues(10,11) studies, they
reported that lumbar spine BMD by DXA decreased by 14% at
6 months and 17% at 18 months. Lumbar spine BMD in our
two participants with DXA repeated at 9 months (ADO2) and
12 months (ARO) was 1% and 3%, respectively; change in total
body BMD by DXA was 2% and 1%, respectively. In addition,
there was no improvement in hemoglobin in any of our partici-
pants (data not shown)(11), unlike the Key and colleagues study
where hemoglobin concentration increased from 7.5 to 10.5 g/
dL at 18 months. One explanation for this is the older age of
our participants (age 15–59 years) compared to those in the
Key and colleagues(10,11) studies (1 month to 11 years) because
the older individuals would be expected have less marrow space
and less metabolically active bone. Interferon gamma-1b was
less tolerable in our population compared to the younger group
in the prior studies. We speculate that this may be at least in part
due to the presence of chronic pain in all our participants, which
the flu-like side effects of interferon gamma-1b seemed to
worsen. The younger children tolerated doses of 1.5 μg/kg,
which is approximately twice as high as the maximum tolerated
dose in all but one of our participants.

More recently, Imel and colleagues(22) conducted a 14-week,
open label, pilot study, utilizing both tolerability and a fasting
C-telopeptide <25% above baseline to guide dose titration to a
goal of 100 μg/m2 three times a week. The study recruited nine
adult patients and three pediatric patients with ADO2. Similar
to our study, they found no clear changes in biochemical
markers of bone resorption or formation, or most quality of life
scales as measured with the SF-36 instrument. The exception
to this was a potential worsening in mental health, postulated
to be due to symptoms caused by treatment administration or
patient perception of overall disease burden. Bone density out-
comes were not evaluated due to the short duration of the study.

Limitations of this study include the small sample size, hetero-
geneity of the population, and difficulty obtaining endpoint
measurements due to high withdrawal rate, all resulting in lim-
ited data for interpretation. These limitations are common in rare

disease clinical research, and our protocol augmented this by
focusing on a specific subset of individuals with osteopetrosis
who had signs of bone marrow failure. However, when we
started this study there were no data to help guide clinicians
on whether interferon gamma-1b should be tried in patients
with non-infantile osteopetrosis, and there continues to be very
limited data. Unfortunately, the multiple limitations of this study
negate the ability to make conclusions about the efficacy of
interferon gamma-1b as treatment for non-infantile osteopetro-
sis (ADO2 or attenuated ARO). But despite these limitations, this
study provides information on the longest follow-up of treat-
ment with interferon gamma-1b in this population and identi-
fied an approach to make the treatment tolerable.

Conclusion

In conclusion, we have clearly shown that interferon gamma-1b
alone is intolerable to individuals with non-infantile osteopetro-
sis due to flu-like side effects. We discovered that the addition of
prednisone on the days of interferon gamma-1b administration
mitigated the intolerable side effects. Interpretation of the out-
comes included in this study would be greatly facilitated if more
comprehensive natural history data regarding the expected
change on the assessed measures were available. For now,
we cannot conclude whether the overall lack of change in DXA
Z-scores and pQCT BMD measurements is a positive effect or
no effect, although we would expect the BMD would increase
over time without intervention. To obtain a definitive answer to
the question of whether interferon gamma-1b provides clinically
significant benefits to individuals with non-infantile osteopetro-
sis, another trial will be needed testing the effects of interferon
gamma-1b with adjunctive prednisone treatment.
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Table 2. Change in Medical Outcomes Study SF-36

Estimated change
over time (95% CI)

Scale n = 4 (all ADO2)

Physical functioning �0.5 (�1.2, 0.1)
Role limitations due to
physical function

�0.2 (�0.7, 0.3)

Role limitations due to
emotional problems

0.1 (�0.2, 0.5)

Energy/fatigue 0.1 (�0.4, 0.6)
Emotional well-being 0.1 (�0.3, 0.6)
Social functioning �0.2 (�0.9, 0.5)
Pain �0.8 (�2.0, 0.3)
General health 0.28 (�0.04, 0.59)

ADO2 = autosomal dominant osteopetrosis type 2; CI = confidence
interval; SF-36 = Short Form-36.
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