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Abstract

In this chapter, we will review studies of
HER2 in osteosarcoma and discuss the contro-
versies that have existed in this field. Our pres-
ent understanding of HER2 in the context of
osteosarcoma is that it is expressed on a subset
of patient samples, but that expression is not
prognostic. We will review the two trials that
have been conducted in osteosarcoma which
have targeted HER2. Use of an antibody,
trastuzumab, did not suggest activity, but a
smaller study using HER2-targeted CAR T
cells suggested activity may be present. A trial
of an antibody—drug conjugate targeting
HER2 for recurrent osteosarcoma is under
consideration. Trials targeting other surface
proteins for the treatment of osteosarcoma
have occurred or are in development. Indeed,
this leads us to discuss in a broader fashion
therapeutic approaches to targeting surface
proteins. It is hoped that some of these
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approaches will lead to new effective thera-
pies for patients with osteosarcoma.
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Introduction

The first studies of HER2 expression in osteosar-
coma date back to the 1990s, recognizing a pro-
portion of osteosarcoma samples express the
protein. Early studies produced discordant results
with the factors underlying variability in immu-
nohistochemical staining in osteosarcoma not
fully appreciated and genomic amplification of
HER?2, providing an alternative testing approach,
not being present. The current understanding is
expression is present on a subset of tumors from
osteosarcoma patients, but this is not prognostic.
Treating patients whose osteosarcoma samples
express HER2 with trastuzumab did not demon-
strate clinical activity, but a clinical trial utilizing
HER2-directed CAR T cells suggested some
clinical efficacy. The more recently developed
approach for targeting low HER2-expressing
malignancies is the use of antibody—drug
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conjugates, which will likely be pursued in
clinical trials for osteosarcoma. Beyond HER2,
antibody—drug conjugates that do not necessarily
rely on the target protein being an oncogenic
driver may be an alternative path forward for
osteosarcoma treatment.

HER2 as an Oncogene
in Osteosarcoma

HER2 Biology

HER?2 was first described by multiple groups in
the 1980s, which has led to its multiple names in
the literature [1] . Like its homolog, EGFR,
HER?2 is a transmembrane tyrosine kinase recep-
tor [2]. During fetal development, HER2 is
widely expressed in tissues including placenta,
liver, kidney, lung, and brain. Lower levels of
expression are also seen in adult tissues: kidney,
liver, skin, lung, jejunum, uterus, stomach, and
colon. The HER?2 null mouse is embryonic lethal
due to complete absence of cardiac trabeculae
[3]. There are four members of the family of epi-
dermal growth factor receptor tyrosine kinases:
ErbB1 (EGFR), ErbB2 (HER2), ErbB3 (HER3),
and ErbB4 (HER4). All of these receptors need to
dimerize to initiate the signaling cascade and fre-
quently form heterodimers. HER2 is unique in
that it is the only member of this family for which
there is no known ligand. However, it has been
shown to be the preferred partner for the other
members to form heterodimers. HER2 overex-
pression has been shown to be tumorigenic. The
transfection of NIH3T3 cells with HER2 trans-
forms the cells and leads to tumor formation in
mice. The tumorigenicity is associated with level
of expression of HER2 within the transformed
cells [4, 5]. Transgenic mice expressing HER2
under the control of a mouse mammary cell-
specific promoter form mammary tumors consis-
tent with adenocarcinomas at 4 months of age.
Ultimately most of the mice develop lung metas-
tases as well [6].

HER2 in Osteosarcoma Cell Lines

Unlike in breast cancer cells, in osteosarcoma cell
lines, HER2 displays primarily cytoplasmic or
mixed membranous and cytoplasmic staining.
Compared to EGFR, HER2 demonstrated less
intense staining by immunohistochemistry. The
expression levels by immunohistochemistry cor-
relate with the levels of messenger RNA detected
by PCR and protein by Western blots. In primary
osteosarcoma cell lines, despite the lack of detec-
tion of HER2 on the membrane by immunohisto-
chemistry, flow cytometry reveals higher quantities
of HER2 than EGFR on the surface [7].

Two other studies have corroborated the cell
surface expression of HER2 by flow cytometry in
osteosarcoma cell lines. Hassan et al. demon-
strated in primary as well as established osteosar-
coma cell lines that HER? is detectable in greater
quantities than EGFR [8]. Scotlandi et al. found
that 62% of the primary and established osteosar-
coma cell lines demonstrate HER2 expression by
flow cytometry, albeit at lower levels than the
breast and ovarian cancer cell lines used as posi-
tive controls. None of the osteosarcoma cell lines
demonstrated amplification of the HER2 gene by
fluorescence in situ hybridization [9]. Unlike the
data in cell lines, the studies in patient samples
have described conflicting results regarding
whether HER?2 is expressed in osteosarcoma and
its role in defining prognosis.

HER2 Is a Negative Prognostic
Indicator in Osteosarcoma

Six studies have demonstrated that HER2 expres-
sion in osteosarcoma portends a poor outcome.
Onda et al. in 1996 first described HER2 expres-
sion in osteosarcoma. They found that 42% of
tissues demonstrated various levels of expression
by immunoblotting, which was scored from 0 to
3+ (no staining, weak, moderate, and high,
respectively). This was corroborated by immuno-
histochemistry, revealing a primarily membra-
nous pattern of staining. Southern blot analysis
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did not reveal any amplification of the HER?2
gene. Patients whose tumors expressed HER2
(1-3+) had a significantly worse response to pre-
operative chemotherapy and survival. In this
series, patients who had no HER2 expression
demonstrated a 1-year survival rate of 100% and
3-year survival rate of 84%. In contrast, those
with weak to high expression of HER2 had sig-
nificantly worse outcomes with 1- and 3-year sur-
vival rates of 61% and 14%, respectively [10].

Gorlick et al. evaluated 53 patients treated on
the T12 protocol. This randomized trial found no
survival benefit to dose intensification of the pre-
operative chemotherapy, allowing all the samples
to be treated as a single cohort [11]. HER2
expression levels were evaluated by immunohis-
tochemistry and scored according to the percent-
age of cells staining positive: 0 (no staining), 1+
(1-25%), 2+ (26-50%), 3+ (51-75%), and 4+
(76-100%). HER?2 staining localized primarily to
the cell membrane. Overexpression was defined
as greater than 2+ staining. HER2 was overex-
pressed in 45.3% of the patients’ tumors, which
was similar to the 42.6% detected from the initial
biopsy specimens. Overexpression of HER2 was
found to be correlated with decreased response to
preoperative chemotherapy and event-free sur-
vival. At 5-years, patients whose tumors overex-
pressed HER2 had a 40% event-free survival
compared to 78% for patients with low or unde-
tectable levels of HER2 expression. The differ-
ence in event-free survival remained significant
even when 13% of patients who presented with
metastatic disease were excluded from the analy-
sis (47% versus 79%) [12].

Zhou et al. reviewed HER2 expression from
25 patients treated at their institution from 1981
to 1996. They included in their analysis 25 pri-
mary tumor samples and 12 specimens from met-
astatic lung lesions. Immunohistochemistry was
defined as positive if greater than 25% of tumor
cells demonstrated immunoreactivity.
Amplification was defined as positive if greater
than 10% of the cells demonstrated more than
two signals or if more than three cells showed a
large number of signals by FISH probe for the
HER? gene. They found focal to diffuse cytoplas-
mic staining in 44% of the primary tumor sam-

ples and 58% of the pulmonary metastases.
HER?2 expression was not found to be correlated
with response to chemotherapy. However,
patients whose tumors stained positive for HER2
were found to have a significantly worse
metastasis-free survival. To evaluate for amplifi-
cation of the HER?2 gene, FISH was performed on
12 samples. Increased signal consistent with
amplification was observed in six of seven
immunostain-positive samples and two of five
immunostain-negative samples. In the two
immunostain-negative samples which were
found to have amplification of HER2, the immu-
nohistochemistry revealed focal HER2 staining
which did not meet the criteria for positive [13].
In 2004, Fellenberg et al. attempted to address
some of these issues with immunohistochemistry
by assessing HER2 expression at the level of
mRNA by real-time reverse-transcription PCR
(RT-PCR). To enrich the samples, they used laser
microdissection to isolate osteosarcoma cells for
analysis. They evaluated 17 pretreatment biop-
sies from a single institution using histologic
response as their primary clinical endpoint. They
found that HER2 mRNA could be detected in all
the samples tested. HER2 expression was signifi-
cantly elevated in patients who demonstrated a
poor histologic response to preoperative chemo-
therapy. When they analyzed the samples for pro-
tein expression by immunohistochemistry, they
found strong cytoplasmic staining in all the sam-
ples. There was no correlation between mRNA
levels and protein expression of HER2 [14].
Ferrari et al. published a report on a cohort of
19 patients who presented with localized disease
who subsequently experienced a pulmonary
relapse. They examined HER2 expression by
immunohistochemistry according to the percent-
age of cells staining positive on the membrane,
0—4+. The tumor was considered to be positive if
it exhibited 2+ or greater staining. They found
HER2 to be expressed in 32% of the primary
tumors, and 53% of the patients had at least one
nodule expressing HER2. The accordance rate,
defined as the presence of the same expression
pattern in the primary and metastatic samples,
was 42%. Patients with HER2-positive primary
tumors had a shorter recurrence-free interval of
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17.2 months versus 31.8 months for patients with
HER2-negative primary tumors. Likewise,
patients with HER2-positive primary tumors
were more likely to recur with multiple pulmo-
nary metastases [15].

A large, single-institution, retrospective anal-
ysis of HER2 expression in osteosarcoma in 84
patients treated on two similar protocols was
published by Scotlandi et al. in 2005. They exam-
ined pretreatment biopsy specimens, using two
different antibodies, and for half of the specimens
three different antibodies. They defined expres-
sion as having greater than 25% of the cells stain
positive. They detected HER2 expression in 32%
of the samples with a pattern of focal to diffuse
cytoplasmic staining. Between the two antibodies
tested, they found a concordance rate of 78%. For
the samples tested with the third antibody, similar
results were obtained with 28% of the samples
positive for HER2 expression. Patients with
HER2-negative tumors exhibited an event-free
survival of greater than 60% compared to approx-
imately 40% for those expressing HER?2 [9]. This
analysis demonstrated cytoplasmic staining for
HER?2 in osteosarcoma with a high rate of con-
cordance using multiple antibodies.

HER2 Is Not Prognostic
in Osteosarcoma

Nine studies have reported that HER2 expression
is not prognostic in osteosarcoma. In 2001,
Maitra et al., using immunohistochemistry and
FISH, examined 21 diagnostic biopsy specimens
from a single institution. For immunohistochem-
istry analysis, they defined as positive only cell
membrane staining, excluding cytoplasmic and
nuclear staining, and graded according to a four-
tier grading scheme: negative, low, medium, and
high. They did not find HER2 overexpression by
immunohistochemistry in any of the samples.
Likewise, they did not detect any amplification of
the HER?2 gene by FISH [16].

Kilpatrick et al., in the same year, reported on
aretrospective analysis from two centers between
1985 and 2000. They examined HER?2 expression
by immunohistochemistry comparing two differ-

ent antibodies as well as decalcified versus non-
decalcified specimens. Staining was scored from
0 to 3+. Positive was defined as 2+ or 3+: weak to
moderate staining in more than 10% of cells or
moderate to strong staining in more than 10% of
cells. None of the osteosarcoma specimens dem-
onstrated staining for HER2 on the cell mem-
brane. Focal cytoplasmic staining in more than
10% of the cells was found in 83% and 98% of
the samples, using the different antibodies. There
was poor agreement between the antibodies in
the extent of cytoplasmic staining. Neither anti-
body demonstrated a correlation with response to
preoperative chemotherapy, metastasis, or sur-
vival [17].

Thomas et al. performed a retrospective analy-
sis of osteosarcomas in a single institution from
33 patients. They graded the immunohistochemi-
cal staining according to a five-tier system: nega-
tive, cytoplasmic, low-positive membranous,
medium-positive membranous, and high-positive
membranous. None of the samples demonstrated
staining for HER2 on the cell membrane. Forty-
seven percent of the specimens demonstrated dif-
fuse cytoplasmic staining. None of the samples
had HER2 mRNA amplifiable by RT-PCR [18].

Anninga et al. evaluated 15 pretreatment
biopsy specimens as well as 12 specimens includ-
ing postchemotherapy resections or pulmonary,
distant bone, or local relapse specimens. They
evaluated the samples by quantitative real-time
RT-PCR (qPCR) and by immunohistochemistry.
Tumor samples were scored 0—3+ according to
the level of membrane staining. Cytoplasmic
staining was not considered positive. Of the 27
evaluable specimens, only one sample (from a
pre-treatment biopsy) displayed membranous
staining, which was scored as moderate. Focal
cytoplasmic staining was detected in two other
samples. None of the samples had overexpression
of HER2 mRNA when compared to a HER2
overexpressing cell line. In the one sample with
HER?2 membranous staining, FISH did not reveal
HER?2 amplification [19].

A collaborative project involving four institu-
tions evaluated HER2 expression in 22 samples
from 20 patients. Immunohistochemistry was
graded from O to 3+ according to level (>10% of



5 HER2-Targeted Therapy in Osteosarcoma

59

cells) and intensity (mild, moderate, strong) of
membranous staining. Scores of 0 and 1+ were
considered to be negative. Four of the samples
(18%) showed focal positivity for HER2 (1+
grading). None of the samples revealed amplifi-
cation of HER?2 by fluorescence in situ hybridiza-
tion. When the authors interpreted 1+ staining as
positive, univariate analysis did not reveal a sta-
tistically significant difference in survival in the
two groups [20].

Somers et al. reviewed 34 samples from 18
patients in a single institution. They graded the
immunostaining from 0 to 3+ according to the
intensity of membrane staining. Cytoplasmic
staining was graded as 0. They found that four
osteosarcoma specimens from two patients dis-
played HER2 immunostaining. Two revealed
cytoplasmic staining (0), and two cytoplasmic
and membranous staining (1+). None of the sam-
ples were evaluated as having overexpression of
HER2 by immunohistochemistry. None of the
samples demonstrated HER2 gene amplification
by FISH. In 39% of the tumors, aneuploidy (hav-
ing multiple signals to the FISH probe) was
detected in less than 10% of the cells. They also
noted that four samples exhibited three nuclear
signals in greater than 50% of the cells, which
they state is suggestive for trisomy 17. None of
the tumors with increased signal by FISH probe
displayed expression for HER2 [21]. Since there
was no concordance between the increased chro-
mogenic signal and immunohistochemistry, the
authors concluded that the increased signal
should not be interpreted as amplification of the
gene.

HER?2 gene amplification was evaluated by
Willmore-Payne et al. using FISH as well as mul-
tiplex and monoplex PCR. They also performed
immunohistochemistry on the samples, grading
from 0 to 3+. Cytoplasmic staining was graded as
0. In the initial 21 cases evaluated by multiplex
PCR and FISH, there was no evidence of
HER2gene amplification. Of these cases, 11
demonstrated cytoplasmic staining for HER2 by
immunohistochemistry, which were all graded as
0. No samples demonstrated membranous stain-
ing. Given the negative findings, they obtained an
additional 35 paraffin blocks from 26 patients

from another institution to perform monoplex
PCR and FISH. Again, they were not able to
detect any HER?2 gene amplification. In these 26
patients, they detected 2 samples with cytoplas-
mic staining for HER2 by immunohistochemis-
try, and 1 sample with 1+ membranous staining
[22].

Bakhshi et al. evaluated HER?2 expression by
immunohistochemistry in 63 patients. They
delineated the pattern of staining as cytoplasmic
versus membranous. They graded the samples
according to the percentage of cells stained: 0,
0-10%; 1+, 11-30%; 2+, 31-50%; 3+, 51-100%.
They observed HER2 staining (1+ and greater) in
47.6% of samples. All of the samples demon-
strated cytoplasmic staining, and four samples
demonstrated both cytoplasmic and membranous
staining. Positive staining for HER2 was not cor-
related with metastatic disease at presentation
[23].

The Children’s Oncology Group analyzed
samples from a clinical trial of trastuzumab in
osteosarcoma. They evaluated 191 samples from
149 patients for whom there were confirmed his-
tologic diagnosis of osteosarcoma, adequate
staining, and survival information. HER2 overex-
pression was evaluated by immunohistochemis-
try and graded according to the percentage of
cells staining positive: negative (no staining), 1+
(0-25%), 2+ (26-50%), 3+ (51-75%), and 4
(>75%). Positive for HER2 overexpression was
defined by a grade of 3+ or 4+. According to
these criteria, the investigators found that HER2
was overexpressed in 13.4% of the samples eval-
uated. HER2 overexpression did not correlate
with survival [24].

HER2 Is a Positive Prognostic
Indicator in Osteosarcoma

Adding to the controversy over the relevance of
HER?2 in osteosarcoma, Akatsuka et al. pub-
lished a report of 81 patients with localized dis-
ease from 2 centers. They evaluated initial
biopsy specimens for HER2 expression by
immunohistochemistry. The samples were
graded from O to 3+ based on the percentage of
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cells staining positive: 0, negative; 1+, 1-30%;
2+, 31-75%; and 3+, 76-100%. The section
with the highest degree of staining was used as
representative, and overexpression was defined
as tumors with 2+ or 3+ staining. They found
that 63% of the tumors had overexpression of
HER2. HER2 expression did not correlate with
response to chemotherapy. Overexpression of
HER?2 was significantly correlated with event-
free survival. At 5 years, the event-free survival
of patients with overexpression of HER2 was
72% compared to 46% for patients without
HER?2 overexpression [25]. In a separate report,
these authors also demonstrate that the rate of
HER?2 expression is lower in metachronous pul-
monary metastases as compared to initial
biopsy specimens [26].

Summary of HER2 Expression Studies

A summary of the results is provided in Table 5.1.
A meta-analysis published in 2010 evaluated the
association of HER2 overexpression with prog-
nosis in osteosarcoma. Of the 28 evaluable
reports, 23 were excluded. In the remaining five
reports, the authors had difficulty with standard-
ization of the cohorts as the reports as described
above used different modalities to evaluate HER2
overexpression, different antibodies, and differ-
ent criteria for the evaluation of immunohisto-
chemistry staining. The authors conclude that
HER?2 positivity revealed a trend for a 1.26-fold
higher risk of death, which was not statistically
significant [27]. Another major confounder of the
meta-analysis was the lack of standardization of
the populations and the treatments across the
studies.

In conclusion, interpreting HER2 expression
in osteosarcoma is complicated by differences in
the definition of positivity in the different studies.
In most of the studies, HER2 was found to be
expressed to some degree in 13%—98% of patient
samples by immunohistochemistry. The HER2
gene in the majority of the studies is not
amplified.

HER2 Targeted Therapies
in Osteosarcoma

HER2 Directed Monoclonal
Antibodies

Trastuzumab is a humanized, monoclonal anti-
body targeting HER2 that is FDA approved for
HER?2 overexpressing breast cancer as well as gas-
tric cancer based on pivotal studies that showed
improvement in outcomes for these patients [28,
29] . Other HER2-directed antibodies include per-
tuzumab and lapatinib. Due to prior preclinical
studies showing HER2 expression in osteosar-
coma along with its potential poor prognostic sig-
nificance, trastuzumab was studied in a Phase 2
trial of patients with newly diagnosed metastatic
osteosarcoma in combination with cytotoxic che-
motherapy. Among 96 evaluable patients on study,
41 had tumors expressing HER2. All patients
received the same chemotherapy backbone, and
HER?2-positive patients received trastuzumab con-
currently with chemotherapy for 34 weeks. No dif-
ference in event-free (32% in each) or overall
survival (59% in HER?2 positive vs. 50% in HER2
negative) was seen between the two groups sug-
gesting that the addition of trastuzumab to cyto-
toxic chemotherapy in HER2-positive patients did
not provide additional clinical benefit [30].
However, trastuzumab has not been evaluated in a
randomized trial in HER2-positive patients.
Despite the failure of trastuzumab to improve out-
comes in patients with osteosarcoma, HER?2
remains as an antigen of interest, and other
approaches to use this protein as a therapeutic tar-
get are being evaluated.

HER2-Specific Chimeric Antigen
Receptor (CAR)-Modified T Cells

Chimeric antigen receptor-modified T cell (CAR
T cell) is a form of adoptive cellular therapy that
has been tremendously successful in some hema-
tological malignancies leading to complete
remission rates of greater than 80% [31]. A
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Table 5.1 Studies evaluating HER?2 as a potential prognostic biomarker in osteosarcoma

Study (Year)

Sample size

(n)

HER?2 assay

HER2% positive

Outcome

Studies reporting poorer survival with increased HER2 expression

Onda (1996) [10] |26 Immunoblotting | Membranous: 42% 3-year survival
IHC 0 HER2-84%
Southern HER2+ 14%
Gorlick (1999) 53 IHC Membranous: 5-year EFS
[12] 42.6% HER2-78%
HER2+ 40%
Zhou (2003) [13] |25 primary | IHC Cytoplasmic: 44% HER2+ associated with worse
12 FISH Cytoplasmic: 58% metastasis-free survival
metastases 85.7%
7 IHC pos 40
5 IHC neg
Fellenberg (2004) | 10 good RT-PCR 0% Histologic response:
[14] response IHC 85% mRNA levels 94% predictive of
7 poor Cytoplasmic: 100% | histologic response
response
Ferrari (2004) 17 IHC Primary: 32% Recurrence-free interval:
[15] Metastases: 53% Her2-31.8 months
Her2+ 17.2 months
Scotlandi (2005) | 84 IHC 28-32% HER2+ associated with worse EFS
[9]
Abdou (2016) 57 IHC Cytoplasmic: 56% HER2+ membranous staining
[40] Membranous: 16% associated with worse metastasis-free

survival and EFS

Studies that did not

report a correlation between HER2 expression and survival

Maitra (2001) 21 IHC 0% Not reported
[16] FISH 0%
Kilpatrick (2001) | 41 IHC Membranous: 0% No association with survival
[17] Cytoplasmic: outcomes
83-98%
Thomas (2002) 66 IHC Membranous: 0% Not reported
[18] RT-PCR Cytoplasmic: 47%
0%
Anninga (2004) 27 RT-PCR 0% Not reported
[19] 27 IHC Membranous: 3.7%
1 FISH Cytoplasmic: 7.4%
0%
Tsai (2004) [20] 22 IHC Focal: 18% No association with short-term
22 FISH 0% survival outcomes
Somers (2005) 34 THC microarray | Membranous and Not reported
[21] 34 CISH cytoplasmic: 5.8%
microarray Cytoplasmic: 5.8%
0%
Willmore-Payne | 47 FISH 0% Not reported
(2006) [22] 46 PCR 0%
IHC Membranous: 0%
Cytoplasmic: 4.3%
Bakhshi (2009) 63 IHC Cytoplasmic: 41.2% | No difference in HER2 expression in
[23] Membranous and patients with metastatic disease or

cytoplasmic: 6.3

high-grade disease

(continued)



62

J.Gilletal.

Table 5.1 (continued)

Sample size

Study (Year) (n) HER?2 assay

HER2% positive

Outcome

Ma (2012) [41] |63 IHC

60%

HER2+ associated with the presence
of metastatic disease. EFS not

reported
Studies reporting improved survival with increased HER2 expression
Akatsuka (2002) | 81 HC 63% 5-year EFS
[25] HER2-46%
HER2+ 72%

IHC immunohistochemistry, RT-PCR reverse transcription polymerase chain reaction, FISH fluorescent in situ hybrid-

ization, CISH chromogenic in situ hybridization

CD19 CAR (tisagenlecleucel) has recently been
FDA approved for B-cell acute lymphoblastic
leukemia. CARs directed toward antigens
expressed in solid malignancies are also being
developed and studied but face certain unique
challenges. These include identification of an
antigen that is ubiquitously expressed highly in a
tumor but not in normal tissues, and immune
suppressive microenvironment of many solid
tumors including osteosarcoma and longevity/
persistence of CAR T cells in the host, specifi-
cally in the tumors, that would be required for
sufficient activity. Researchers have continued to
try to improvise CAR T-cell development to
overcome some of these challenges by adding
co-stimulatory molecules to first-generation
CARs and other combinatorial approaches. In
the case of osteosarcoma, although HER?2 is not
expressed ubiquitously or at very high levels,
HER2 CAR T cells have been studied both in
preclinical and in clinical settings as it was
believed that these challenges of HER2 expres-
sion could be overcome by this adoptive therapy.
Indeed, in osteosarcoma cell lines, treatment
with HER2 CAR T cells induced immune
responses by generation of IFN-Y" and IL-2 with
killing of target cells in HER2-specific manner.
In vivo, HER2 CAR T cells led to tumor regres-
sion in tumors produced by a low HER2 express-
ing cell line LM7 [32]. Further, coculture with
HER2 CAR T cells decreased the ability of
osteosarcoma cells to form sarcospheres. This
was also seen in osteosarcoma cells harvested
from mouse tumors that were previously treated
with HER2 CAR T cells. These data suggested
that HER2 CAR T cells targeted tumor-initiating

cells and could potentially be of benefit in pre-
venting metastatic spread of the disease [33].
The first attempt to treat a patient with HER2
CARTT cells was eventful leading to fatal respira-
tory failure in a patient with colorectal cancer
within a few minutes of infusion of cells [34].
The HER2 CAR vector was a third-generation
CAR containing a single-chain variable fragment
(scfv) derived from trastuzumab fused to CDS8
hinge and transmembrane domains followed by
CD28, 4-1BB, and CDzeta signaling domains.
The cells were infused following a lympho-
depleting conditioning regimen. Patient devel-
oped significant respiratory distress and
pulmonary infiltrates within 15 minutes of infu-
sion and eventually succumbed. The investiga-
tors believed that this patient had a severe
cytokine storm in the lung due to reactivity with
low levels of HER2 expression in lung paren-
chyma. Since then, three clinical trials have been
completed using different HER2 CAR T con-
structs including one in HER2 expressing sarco-
mas [35-37]. In this study, of the 19 enrolled
patients, 16 had metastatic or recurrent osteosar-
coma. This HER2 CAR T cell used a different
antibody clone called FRP5 which had lower
HER?2 affinity than trastuzumab in a second-
generation CAR design. No dose-limiting
toxicities were observed in this study after cells
were infused without any prior lympho-depleting
therapy. HER2 CAR T cells persisted for at least
6 weeks in seven of the nine evaluable patients
who received greater than 10° cells/m?2. Of the 16
osteosarcoma patients, 2 were not evaluable, 10
had progressive disease, 3 patients had stable dis-
ease for >12 weeks and subsequently underwent
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tumor removal and remain in remission, and 1
patient had partial response for 9 months after
second infusion. The median overall survival for
all 19 patients was 10.3 months (range 5.1-
29.1 months). This study concluded that HER2
CAR T-cell therapy was feasible in patients with
sarcoma, cells can persist for 6 weeks or longer
without significant toxicities, and there was a
preliminary signal of efficacy thus providing a
rationale for future studies of HER2 CAR T cells
with other immunomodulatory approaches in
osteosarcoma [37].

Trastuzumab Deruxtecan (DS-8201)

An alternative approach to target surface proteins
on cancer cells is via antibody—drug conjugates
(ADCs). ADCs comprise of an antibody to a sur-
face protein of interest such as HER2, a linker
and a payload cytotoxic agent. The goal of an
ADC is to be able to deliver large doses of the
cytotoxic agent specifically to the malignant cells
that express the antigen without exposure to nor-
mal tissues, which would not be tolerable if
administered systemically. DS-8201 is one such
ADC where the humanized monoclonal HER2
antibody is linked to a topoisomerase 1 inhibitor
payload called DXd via a self-immolative enzy-
matically cleaved linker. No specific preclinical
data currently exist with DS-8201 in osteosar-
coma, but in other preclinical studies with adult
cancer cell lines, DS-8201 showed activity
against both low and high HER2-expressing cell
lines [38]. A phase 1 trial of DS-8201 was
recently completed in adults with advanced
breast and gastric tumors. No maximum tolerated
dose was reached. The most common grade 3
events were lymphopenia, neutropenia, and ane-
mia. Three serious adverse events were reported
which included febrile neutropenia, cholangitis,
and intestinal perforation. Of the 23 evaluable
patients, 6 had low HER2-expressing tumors.
Forty-three percent (10 of 23) of the patients had
an objective response, and 91% (21/ 23) achieved
disease control [39]. A phase 2 clinical trial is
currently under development in adolescents with
recurrent HER2-positive osteosarcoma.

HER?2 is one of the many antigens that are
expressed on cell surface in osteosarcoma. Others
include but are not limited to disialoganglioside 2
(GD2) and B7-H3 (CD276). ADC provides a
unique approach to target any or many of these.
However, the success of these ADCs will depend
on the specificity of the target, a linker that can
easily deliver and detach the drug at its cellular
target as well as the potency of the cytotoxic
agent being used.

Targeting Surface Proteins

Numerous approaches are being taken to target
HER?2 as already described but trials targeting
other surface receptors have also been conducted.
As one example, the Children’s Oncology Group
completed a phase 2 trial in recurrent osteosar-
coma of an antibody—drug conjugate, glembatu-
mumab vedotin, which targets the surface protein
GPNMB. This leads one to consider how one
should think about these targeting approaches. In
targeting surface proteins, there have been sev-
eral approaches utilized as depicted in Fig. 5.1. A
simplified way of thinking about these approaches
is considering the potency of the therapeutic
agents with antibody—drug conjugates having
less ability to kill protein-expressing cells as
compared to the CAR T cells. This indeed may
be the basis of the difference in activity observed
with trastuzumab versus CAR T cells. Indeed the
drug conjugates achieve some of their therapeutic
index by requiring proliferation for cellular cyto-
toxicity by the drug component of the molecule,
which is typically a micro-tubule inhibitor, topoi-
somerase inhibitor, or DNA damaging agent.
This allows some minimization of toxicity on
host cells that express the protein target. As an
overly broad generalization, antibody—drug
conjugates have had limited toxicity, and as such
the ideal surface protein target would be expressed
in all or nearly all osteosarcoma samples.
Certainly, if it is expressed in a subset of patients,
it would be critical for the protein expression to
be on the patients who do not have disease
eradication with standard treatment. If the sur-
face protein expression is highly restricted to
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Fig. 5.1 Approaches for therapeutically targeting surface HER?2 protein

osteosarcoma and not essential normal tissues, as
has been the case for cancer—testis antigens in the
context of other malignancies, a cellular therapy
approach may be more efficacious. Regardless of
the targeting approach, a key consideration in the
success or failure of these approaches, as illus-
trated by resistance to CD19 CAR T cells, is the
ability of the cancer cells to survive despite
down-regulation of the surface protein.
Unfortunately, none of these studies have been
undertaken for HER2 or other surface protein tar-
gets in osteosarcoma. Perhaps, CRISPR screen-
ing and dependency maps, which have been
created to a limited extent for osteosarcoma, may
help in defining what targets may be relevant.

Conclusion

HER?2 is expressed in a subset of osteosarcoma
samples and continues to be explored as a poten-
tial therapeutic target. Our knowledge of both the
surfaceome of osteosarcoma and how to target
these proteins continues to expand at a rapid

pace. We remain hopeful that these approaches
will overcome the stalled progress in improving
the outcomes of patients with osteosarcoma.
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