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Abstract

Although tremendous progress in survival after childhood cancer has been
achieved with a five-year survival rate just over 80% in the industrialised world,
this increase in survival rate is not without cost. Two-thirds of survivors
experience a treatment related health condition and the most common late sequelae
are the endocrine and reproductive disturbances. Women are born with a finite
number of oocytes (one to two million at birth) a number that declines with age
and only 1000 oocytes are left at menopause, at a mean age of 51 years. The
depletion of follicles can be hastened by cancer treatments resulting in a
compromised ovarian reserve (i.e. a woman's reproductive potential). Recently,
serum-Anti-Miillerian hormone (AMH) has proven to be a reliable way to estimate
the ovarian reserve. Using AMH as a proxy for ovarian reserve, this thesis
investigates the effects on ovarian function before, during and after treatment for
childhood cancer. Three of the studies (studies I, III, IV) presented here are
prospective. These studies are based on a cohort of 104 girls diagnosed and treated
for childhood cancer at the department of Paediatric Haematology and Oncology,
Skéne University Hospital in Lund, Sweden. The forth study (study II) is an
investigation of the effect of an accidental thawing of samples (freezer error) on
AMH.

We found a dramatic decline in AMH after three months of treatment,
regardless of diagnosis, age and treatment given. We interpreted this result as an
acute toxic effect on the ovaries. In patients with acute lymphoblastic leukaemia
(ALL) (not high risk) we observed a recovery in AMH as early as during ongoing
low dose chemotherapy. However, patients with acute myeloid leukaemia (AML),
osteosarcoma, Ewing sarcoma or Wilms tumour (treated with radiation or stem
cell transplantation) exhibited no recovery in AMH during treatment. After
cessation of treatment (i.e. at follow-up), no recovery in AMH was observed in
patients with ALL high risk or patients who had received whole abdomen
radiation or stem cell transplantation. In addition, AML patients had a later
recovery when compared with ALL patients (not high risk) while patients treated
for Ewing sarcoma showed no or late recovery in AMH.

Reanalysing samples (new aliquots) that were exposed to a freezer error in
2013, and our comparison of two different AMH assays reassured us that our
samples were not affected by the freezer error, a conclusion that was confirmed by
the thawing experiment we also conducted.
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The results in these studies point to the severe impact on ovarian function of
girls treated with radiation involving the ovaries and/or stem cell transplantation
and probably also those treated for Ewing sarcoma. Ovarian function appears to be
preserved in girls with ALL (not high risk) and AML. Surveillance of the long-
term impact of cancer therapy and the subsequent risk for premature ovarian

insufficiency is needed.
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Introduction

The oldest description of cancer is found in Egyptian writings from about 3000
BC.' Hippocrates (460-370 BC) was the first person to use the word “cancer” to
describe non-ulcer (carcinos) and ulcer forming tumours (carcinoma). In the
Greek, the words carcinos and carcinoma refer to a crab, which the Roman
physician, Celsus, translated into the Latin word for crab — cancer.

Cancer in childhood — epidemiology

In Sweden, the annual tumour incidence for children younger than 15 is 16/100
000. When including children 15-18 years, approximately 350 children are
diagnosed annually.” The most common age group at diagnosis is 5 to 6 years.
Cancer incidence is slightly higher in boys than girls, (M/F ratio 1.17) but the
prognosis for the sexes is same. There is no difference in survival for different age
groups except that children >10 years have a worse prognosis.”

Cancer in adults and children differs in many ways. Age and lifestyle factors
largely contribute to cancer in adults, where cancer is the collection name for 200
different diseases, carcinoma being the most prevalent whereas carcinoma is rare
in children.

Cancer in children is largely distributed into three groups; leukaemia (30%),
CNS tumours (28%) and solid tumours (42%).” In comparison, in adults acute
leukaemia stands for only 1% of all cancer cases. Childhood cancer is classified
according to the International Classification for Childhood Cancer (ICCC),’ where
the twelve diagnostic groups (based on the International Classification of Diseases
for Oncology, ICD-O) are further subdivided into subgroups (Fig. 1).
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Figure 1. EA)istribution of childhood cancer malignancies in Sweden diagnosed 1984-2010 < 15 years of age at
diagnosis.

As lifestyle factors usually require many years to influence cancer risk they are not
thought to play a major role in childhood cancer. Certain DNA changes in the cell
caused by random events can transfer them into cancer cells, changes that occur
early in a child’s life, possibly even in utero.”® Genetic susceptibility (e.g.
mutation in the retinoblastoma gene)’ has been estimated to account for up to 10%
of cases.® Inherited mutations associated with familial syndromes (e.g. Li
Fraumeni syndrome, von Hippel Lindau syndrome, and Beckwith-Wiedemann
syndrome) increase the risk of childhood cancer.*’ An increased risk was also
reported in families with germline mutations in the BRCA,, MMR and CDKN,A
genes.'’ Previous radiation exposure and certain chemotherapeutic agents such as
alkylating agents or topoisomerase II inhibitors can influence the risk of
developing a second cancer in childhood or adult life.'""

Improvement of treatment regimens over time

Until relatively recently, the only cancer treatment available to patients was
surgery. Later cancer treatment include the use of radiation, a discovery made
while attempting to treat breast cancer and only months after the discovery of X-
rays by Wilhelm Conrad Rontgen in 1895." But it was not until well into the
1900s that radiotherapy, in addition to surgery was introduced.

18



In 1940, the average survival after acute lymphoblastic leukaemia (ALL) was
no more than three months.'"* In 1948, Dr Sidney Farber, a pathologist from
Boston, reported temporary remissions in patients with ALL using aminopterin, a
folate antagonist. After World War I, when it was noticed that exposure of
nitrogen gas led to lymph node and bone marrow depletion in soldiers, nitrogen
mustard was introduced to treat lymphoma; the first results were published in
1946." In 1949, nitrogen mustard (under the name of mustine) became the first
licensed chemotherapy agent and in 1948 methotrexate showed efficacy in
childhood leukaemia.

According to Dr DeVita’s "A history of Cancer chemotherapy”, in the
early1960s attempts to cure cancer with drugs was not considered compatible with
sanity.'® Median survival in acute leukaemia of childhood improved from six
months in 1956, when only single agents were used, to remissions measured in
years by 1968, when a combination of four different drugs was used.'®'” During
the 1960s "The concept of cure” was coined; before this, only brief remissions
were experienced and it was by means of combined modality treatments — surgery,
radiation, and chemotherapy — that cure later would be possible and survival rates
increase.'® In 1973, medical oncology was accepted as a sub-speciality of internal
medicine."

Current situation

Tremendous progress in survival after childhood cancer has been achieved; there
is now a five-year overall survival rate of just over 80% in the industrialised
world'®" although survival rates differ depending on cancer type (Fig. 2).
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Figure 2. Estimated five-year survival rates over time for selected diagnostic groups in Sweden*
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This progress is attributed to improved diagnostics, therapeutic advances in
combined modality treatment (surgery, radiotherapy, and chemotherapy), multi-
agent chemotherapeutic regimens, and improved supportive care (e.g. blood and
blood products, treatment of infections, and intensive care). The greatest success
was accomplished between the 1980s and the late 1990s, but since the 1990s cure

rates have plateaued (Fig. 2).
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Female reproductive system

Although challenged,” it is a generally accepted fact that girls are born with a
finite number of primordial follicles in their ovaries, approximately one to two
millions.” Primordial follicles decline through atresia to half a million at the start
of puberty, when the hypothalamic pituitary gonadal axis becomes active. In every
primordial follicle, the immature oocyte is surrounded by somatic granulosa cells.
There is a continuous so called “initial recruitment” of follicles from the dormant
primordial follicle pool into the growing follicle pool after which follicles start to
express anti-Miillerian hormone (AMH) (Fig. 3) and Inhibin B.” Inhibin B is
produced by the granulosa cells of the larger early antral and dominant follicles in
response to gonadotropin stimulation.

Initial recruitment Cyclic recruitment
FSH
b
AMH —
4 4 I
a
Primordial ~ Small Large Antral Antral
follicle preantral preantral 2-7 mm 8-12 mm Preovulatory
TRENDS in Endocrinology & Metabolism

Figure 3 Initial and cyclic recruitment of follicles and the expression of AMH. Broekmans, FJ et al. 2008.% Reprinted
with permission.

At the onset of puberty, the “cyclic recruitment” starts with a limited number of
antral follicles being rescued from atresia under the influence of the follicle
stimulating hormone (FSH) (Fig. 3).** One of these follicles will emerge as the
dominant follicle and proceed to ovulation, while the remaining follicles undergo
atresia (Fig. 4). A woman experiences around 400 monthly ovulatory cycles
during a lifetime and at the time of menopause about 1000 follicles are left.*>*
Thus the majority of the ovarian follicles present at birth will not go on to
ovulation but undergo atresia through apoptosis,27 necrosis,”® or autophagy.”

21



Corpus luteum

Figure 4. Folliculogenesis from primordial follicles through to follicle ovulation. Chapman C et al. 2015% Reprinted with
permission.

Menopause

Menopause is defined as the final menstrual period that occurs for a woman and is
due to an almost exhausted follicle pool. In the Western world, normal menopause
is considered between 40-60 years of age’' with a mean of 51 years’” and it is
estimated that fertility is decreased approximately ten years before menopause
(Fig. 5).* The age at which menopause occurs seems to have been unchanged for
many generations >* and has a strong genetic heritability.*>*
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Figure 5 Estimation of ovarian reserve to predict age at menopause. Lambalk et al. 2009.% Reprinted with permission.

Ovarian reserve

Ovarian reserve describes both the quantity and the quality of the remaining
follicles in the ovaries at any given time and defines a woman’s reproductive
potential. It has been debated whether the term ovarian reserve should be used for
both the non-growing dormant primordial follicle pool and the growing follicle
pool. The size of the growing pool indirectly reflects the size of the non-growing
follicles, which are too small to be measured. The term ovulatory potential has
been proposed for the growing follicles that are measured by antral follicle count
and using anti-Miillerian hormone (AMH).38

The gold standard to estimate the ovarian reserve has been through antral
follicle count (AFC) via transvaginal ultrasound in combination with FSH and
estradiol (E2) sampling in the early follicular phase on cycle day 2-5. AFC
measures the number of visible follicles (2-10 mm).” FSH is regarded as a late
predictor of menopause, with increased levels not until ten years before
menopause, which coincides with infertility. As AMH correlates well with
AFC**'and unlike FSH is not cycle dependent, it is now routinely used as a
marker of ovarian reserve, reflecting the primordial follicle pool.*** In clinical
practise, gynaecologists assess the ovarian reserve using all of the above
mentioned tests in combination.
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Anti-Millerian hormone

AMH, formerly known as Miillerian inhibiting substance or Miillerian inhibiting
factor was first described by Jost in 1947.* AMH is produced by the Sertoli cells
in the testis* and its role during embryogenesis is to inhibit the development of the
Miillerian ducts in the male embryo,* so it plays a role in male sex differentiation

(Fig. 6).
Bipotential Sex differentiation
gonad \

Female duct
(Mdllerian)

Male duct
(Wolffian) /
Urogenital &
sinus
/ +AMH

Ovaries L Testes )\Epididymis

Oviduct
Bladder Bladder Vas deferens
Uterus 4% ) \ /
. Seminal
Cervix ____vesicle
Vagina

" Prostate

Figure 6. Sex differentiation from Matzuk and Lamb, 2008.*7 Reprinted with permission.

AMH belongs to the group of transforming growth factor-f family,*® which also
includes inhibins and activins. Located on chromosome 19p13.3, the AMH gene
codes for a glycoprotein.”® Also produced by the granulosa cells in the small
growing follicles of the ovary, AMH correlates well to AFC *"* and might
currently be the best biochemical marker for ovarian reserve.> AMH is
measurable in female follicle fluid from gestational week 36 and in serum from
birth.’"** Expression is found in granulosa cells of primary follicles as soon as
primordial follicles are recruited from the dormant pool.53 The highest
concentration of AMH is found in the ovarian follicles with a size of 4-8 mm.*
These follicles predominantly contribute to circulating AMH, but smaller follicles
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contribute to a lesser extent, probably due to a reduced number of granulosa cells.
AMH is only expressed in healthy follicles, not in follicles undergoing atresia.’*>’

The functional role of AMH in the ovaries was discovered through research on
AMH-deficient mice in 1999. In the absence of AMH, the rate of recruitment from
the primordial follicle pool is increased and this leads to faster depletion.” Thus an
important role of AMH is to suppress recruitment of primordial follicles and
prevent early exhaustion of the follicle pool. Studies also suggest that AMH acts
as a gatekeeper to make sure that antral follicles produce only small amounts of
estradiol before selection to enable direct ovarian-pituitary feedback,
communication that regulates the selection of a follicle that undergoes ovulation.*

The variance in non-growing follicles (the ovarian reserve) is thought to be due
to age alone for females up to 25 years old.”® There is also a large variability of
AMH between individuals of the same age due to the variability in the number of
antral follicles.”’

20 <

AN - ==p90
18 + N — 50

\ - ==pl0

serum AMH levels (microg/L)
=
+
7
’nH

°9‘§ Fo ©°%
0 F=%
0

age (years)
Figure 7. AMH nomogram from birth to menopause in 804 healthy females. Lie Fong S et al. 2012.>® Reprinted with
permission.

There is a steady increase in serum AMH from birth to 15 years of age before a
decline is seen, according to one study of 804 females (Fig. 7).* A relatively
recent study (> 3000 healthy women) found a peak consistent with the mini
puberty of the neonate followed by an increase at nine years of age and a decline
during puberty before peaking at around 25 years of age. After 25 years of age,
there is a steady decline of AMH, reaching undetectable levels at an average age
of 50-51 years, corresponding to the menopause (Fig. 8).” AMH is found to be
very low or undetectable five years before menopause.
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Figure 8. A validated model of AMH from conception to menopause. Kelsey TW et al 2011 >

A higher AMH concentration is found in Caucasian women compared with
Afro-American and Hispanic women,” with multiple genetic and environmental
factors at play.®® There are reports of lower AMH levels in smokers™ as well as a
correlation between AMH and BMI; lower AMH is correlated with obesity.64’65

Some studies have shown lower AMH levels in oral contraceptive users®*®’ and
AMH should be used with caution as a marker of ovarian reserve in women using
hormonal contraception. Low values are also encountered in autoimmune
disorders such as lupus and Crohn's disease.**®

Since AMH is not secreted by the dominant follicle or corpus luteum, it is
believed to be relatively stable through the menstrual cycle” therefore a
measurement does not have to be done on a specific day of the cycle.

There is no definition of a threshold value that suggests reduced fertility
potential. Although with lower levels of AMH, there is a probability of a
diminished ovarian reserve, with very low levels suggesting pregnancy is less
likely to occur.

However, a Danish study did not find reduced fecundability in healthy women
in their mid-20s who presented with low AMH levels (< 0.7 ng/ml), levels
consistent with high oocyte quality.”
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Figure 9. Potential clinical applications of anti-Millerian hormone by heallth-care providers. Nelson, SM. 2013
Reprinted with permission.

Recently, AMH has been used in many applications (Fig. 9), but AMH is
mainly used to predict ovarian response to stimulation in assisted reproduction.” It
is also used to help diagnose and follow-up on granulosa cell tumours,” to predict
the menopause,” and to follow the ovarian reserve after cancer treatment.””® In
the future, AMH may be part of the diagnostic criteria for polycystic ovary
syndrome, a condition affecting 5-10% of women,” with AMH levels two-to
three-fold increased. The first published study on AMH in women treated for
childhood cancer (published in 2003) showed lower AMH levels in 20 childhood
cancer survivors compared with controls.*

AMH assays

The development of sensitive assays has made it possible to measure low levels of
serum AMH in women. Initially, the assays were mainly used to measure AMH as
a marker of testicular function during childhood.®' Immunotech (IOT, Marseille,
France) produced the first commercially available AMH assay in 1999 using a
monoclonal antibody pair directed to the pro- and mature region.*” In 2003,
Diagnostic Systems Laboratories (DSL, Webster, Texas) introduced a second
assay, where both antibodies were directed to the mature region in an attempt to
avoid proteolysis.*> Both IOT and DSL became part of Beckman Coulter, which
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launched a second generation (Gen 1) AMH ELISA kit in 2005. This assay used
the DSL antibodies and was standardised against the IOT assay.*

Since this development, Ansh Lab (Webster, Texas) has introduced another two
ELISA assays; the ultrasensitive in 2012 and the pico AMH in 2013.* Due to lack
of international standard, it has not been possible to compare results from the
different assays.85'87 A comparison of ten laboratories found a 40% variation in
AMH values using the same Gen II assay.* In 2012 and 2013 Beckman Coulter
reported in field safety notices that complement factors could influence the results
due to interference (FSN-20434-3). It has also been suggested that AMH assays
exhibit pre-analytical variability that could influence the results."” AMH sample
stability and high assay reproducibility are very important for reliable
interpretations of AMH.

Sample handling procedures such as time from collection to freezing, measuring
AMH in whole blood or serum, and storage temperatures can affect the results.
Storage of whole blood at 20°C gave an increase of 31% in AMH, measured by
AMH Gen II, compared with serum. The effect on whole blood was less if stored
at 4°C. *Another study found an increase of 22.5% in serum samples stored at —
20°C over five days compared with fresh samples, whereas samples stored at —
80°C were stable.”” The influence on results after repeated freeze-thaw cycles that
are often required in longitudinal studies has also been investigated. One study
found a 15% increase in AMH analysed with the Gen II assay after three freeze-
thaw cycles,* and another reported stable values obtained with the DSL assay
after repeated freeze-thaw cycles.”'

In 2014, two automated assays were made available; Access AMH assay by
Beckman Coulter and Elecsys AMH immunoassay by Roche. There is a good
correlation between these two assays, which are both standardised against the
AMH Gen II assay.

In the future, it might also be possible to measure AMH in urine’” or in dried
blood spots.”

Clearly, the increased use of AMH in clinical and research settings suggests that
an international AMH standard and highly reproducible AMH assays are needed.

Late complications after childhood cancer

The improvement in survival (five-year survival rate now exceeds 80%)” due to
diagnostic and therapeutic advances means an increase in the number of long-term
survivors. Evaluation of treatment-related late complications in cancer patients
diagnosed at younger ages is of increasing importance since these patients have an
expected survival of many years. It is estimated that 1 in 1000 adults in the Nordic
countries is a childhood cancer survivor.” The increase in survival however, is not
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without cost. Two-thirds of survivors experience some kind of treatment-related
health condition, related to the tumour itself and/or its treatment, and the risk for
morbidity and mortality increases with age.”’

Virtually any organ system can be affected, but the most common late sequelae
reported are related to the endocrine reproductive disturbances, which affect 40—
60% of childhood cancer survivors.”*” There are many endocrine disturbances
such as pubertal disorders (precocious or delayed puberty), obesity, reduced bone
mineral density, dysfunction of the thyroid gland, dysfunction of the
hypothalamus-pituitary axis and compromised gonads.'” Other recognized
conditions are cardiovascular,'”" renal impairment,'” hearing impairment,'® late
neurocognitive effects'**'" or musculoskeletal complications (e.g., hypoplasia or
osteonecrosis). %7

Carcinogenic effects of radiation, chemotherapy, or both carry a risk of
developing a second malignant neoplasm, in the breast, brain, bone, and thyroid
gland or a second leukaemia, which is the most prevalent.”” The risk of developing
a secondary solid tumour after treatment, including radiation increases with age.'®

Childbearing is an important factor for the well-being of cancer survivors, and
late 1%g)?lioplications affecting the gonads have a very negative impact on quality of
life. ™

Ovarian dysfunction

Premature ovarian insufficiency

The nomenclature for this condition is still under debate. Should the term
premature menopause or primary ovarian insufficiency or premature ovarian
insufficiency be used? In the USA, the National Institute of Health prefers using
primary ovarian insufficiency, whereas the American Society for Reproductive
medicine prefers using premature ovarian insufficiency. Since the European
Society of Human Reproduction and Embryology also recommends premature
ovarian insufficiency, I have chosen to use this term in this thesis.

Premature ovarian insufficiency (POI) is defined as the loss of normal ovarian
function before the age of 40 years.""" POI affects 1% of the general population
and 0.1% of women younger than 30 years of age.''>'"> POI is characterized by 4—
6 months of amenorrhea, low estrogen levels, and increased follicle stimulating
hormone (FSH) levels in the menopausal range, typically > 40 IE/L.""" POI can
occur spontaneously or be iatrogenic. Mother-daughter and sibling studies have
shown a family history of POL'"

A major cause of POI is depletion of follicles due to low initial numbers or an
accelerated loss. Mechanisms behind this are thought to be either a developmental
reduction in primordial follicles due to a genetic cause, an accelerated recruitment
of primordial follicles, increased atresia, or destruction of follicles.">'"® The
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aetiology of POI 1is either idiopathic, iatrogenic (chemotherapy and
radiation),"'”""® due to X-chromosome abnormalities (e. g., X monosomy in Turner
syndrome and fragile X syndrorne),“g’120 enzyme deficiencies (galactosemia),121
viral agents,'”*'* or autoimmunity.'>*'*Other causes of POI are failure of ovarian
fgl%izgles to grow, dysfunctionality, or follicles not responding to gonadotropins.'’

POI may develop over several years and have a continuous spectrum before it
manifests; it is described as incipient with normal FSH levels and regular menses,
as biochemical with raised FSH levels and regular menses and as overt with raised
FSH levels and irregular and finally absent menses.''®'*'** POI is associated with
the loss of fertility, but intermittent ovarian function has been reported. As many
?3s1 1532to 10% of women with POI have been reported to conceive spontaneously.

Ovarian surgery and cancer treatments are iatrogenic causes of POIl. A meta-
analysis found that ovarian cystectomy due to endometrioma resulted in a 40%
decline in AMH after three months, but the long-term effect was not
investigated.'”® Hysterectomy has been reported to result in loss of ovarian
function and an earlier menopause,134 but whether the same is true for unilateral
oophorectomy "*>'* is unclear. One study found only a slightly earlier onset of
menopause after unilateral oophorectomy. 137

Loss of ovarian function at a young age may appear as failure of pubertal
development or pubertal progression with a need for estrogen substitution. Being
diagnosed with POI at a young age has emotional impact as well as major health
implications. Hypoestrogenism not only results in menopausal symptoms such as
hot flushes, night sweats and vaginal dryness but also increases risk of
osteoporosis, cardiovascular disease, and the metabolic syndrome.34’130’138

Gonadotoxic treatment in females

The natural ongoing depletion of ovarian follicles can be accelerated by cancer
therapy. Knowledge of diminished fertility in women after cancer treatment has
been learned from studies of adult female childhood cancer survivors. The extent
of gonadal damage depends on the specific treatment administered as well as the
cumulative doses received. Often a combination of drugs and treatment modalities
are used. Unknown patient—specific factors probably also contribute, since females
receiving the same treatment regimen can experience different degrees of
gonadotoxicity.

Age at the time of treatment has also been regarded as an important factor for
the degree of toxicity and is related to a lower number of follicles remaining in the
ovaries with older age. Treatment at a younger age seems favourable in this
context'*”'** however, there are studies that report no influence of age on POI after
gonadotoxic treatment.''®'*!
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Oocytes and the surrounding somatic granulosa cells are not equally vulnerable
to chemotherapy, as oocytes, unlike the proliferating granulosa cells are non-
dividing.'"* The toxic effect however, is exerted on all sizes of follicles,'* either
directly by an acute vascular insult or via oxidative stress (Fig. 10).'*" Some
chemotherapeutic agents such as alkylating agents are considered to be more toxic
to the ovaries than others, although no threshold dose could be identified.”®'*
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Figure 10. Suggested mechanisms for ovarian toxicity. Ben-Aharon, | et al. Reproduction 2012 Reprinted with

permission.

Chemotherapy induced damage

Previous studies have identified alkylating agents such as e.g.
cyclophosphamide, procarbazine, and busulfan to be the most gonadotoxic of
many types of chemotherapeutic agents used.'**'** Alkylators are non-cycle
specific so they can damage both dividing and quiescent cells'* and also induce
cortical fibrosis and vessel damage'*’ with a negative impact on the ovary. Other
agents such as doxorubicin, an anthracyclin, also appears to be gonadotoxic by
inducing granulosa cell dysfunction and a reduction in ovarian blood flow'”" as
well as etoposide, a topoisomerase II inhibitor."”"'** Whether alkylating-like
agents/heavy metals (cisplatin and carboplatin) also exert a negative impact on the

ovaries warrants further investigations.'**'>
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Methods proposed to calculate cumulative alkylating agent exposure in treated
cancer patients are the Alkylating Agent Dose (AAD) and the Cyclophosphamide
Equivalent Dose (CED), methods used mainly in the USA.™*

Table 1. Estimated risk of gonadal dysfunction with chemotherapeutic drugs, modified from Wallace et al.™®

High risk Medium risk Low risk
Cyclophosphamide Cisplatin Vincristine
Ifosfamide Carboplatin Methotrexate
Procarbazine Doxorubicin Dactinomycin
Busulfan Bleomycin
Melfalan Mercaptopurine
Vinblastine

Radiation induced damage

The adverse effect from radiotherapy depends on the dose, the fractionation
schedule, and the age of the patient. Radiotherapy to the whole abdomen or pelvic
region can cause permanent ovarian damage,''”''™'*® a consequence also of
irradiation of the spine, total body (TBI), total lymphoid system or scattered
radiotherapy. The ovaries are very sensitive to radiation with a median lethal dose
(LEDso) of 2 Gy."” Older age at the time of irradiation involves a greater dose-
related risk. According to one study, doses of 5 Gy can affect ovarian function in
post-pubertal girls,'*® whereas ovaries of pre-pubertal girls tolerate higher doses (>
10 Gy). A mathematical model showed that a sterilizing dose to infants and
children at birth and at the age of 10 years and 20 years would be 20.3 Gy, 18.4
Gy and 16.5 Gy respectively.”” In addition, cranial irradiation can cause
hypogonadotropic hypogonadism through disruption of the hypothalamus-pituitary
axis and thus affects fertility.'®*'®" Furthermore, irradiation including the uterus in
the involved field entails a risk of miscarriage, premature birth or low birth weight
due to reduced elasticity of the musculature and vascular compromise.'®*'®

In summary, cancer patients who receive gonadotoxic treatment to be cured
may be deprived of the possibility of retaining their reproductive potential. In
addition, today when childbearing often is postponed up to the mid 30s, cancer
survivors may have reached premature menopause, due to gonadotoxicity, before
they consider family planning and childbearing (Fig. 11).
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Natural Decline of Ovarian Reserve
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Figure 11. Natural decline of ovarian reserve, developed by J. Mersereau for the Oncofertility Consortium.
Reprinted with permission.m

Oncofertility - fertility preservation in cancer survivors

It is important to keep in mind that the majority of girls and young women
diagnosed and treated for cancer will remain fertile. Counselling our young
patients and their parents concerning future fertility and the risk of subfertility is a
difficult task, especially at the time of diagnosis when the focus is on survival and
not so much on late effects. Some treatment doses and modalities compromise
ovarian function more than others and efforts have been made to classify the risk
of subfertility according to cancer type and its associated treatment.'> Treatments
that constitute a very high risk include the conditioning treatment for high dose
stem cell transplantation and irradiation with the ovaries in the field, whereas
treatment e.g. for acute leukaemia or Wilms tumour (without abdominal
irradiation) is considered to confer a low risk.'®

Options for fertility preservation

Who should receive fertility preservation? Is it the decision of the clinician or the
patient? Should every girl who is about to start cancer therapy be offered fertility
preservation? Should it be offered via a risk-based strategy? Presently, clinicians
attempt the risk for future infertility based on available knowledge. Swedish
recommendations concerning fertility preservation for children and adolescents
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that risk future infertility were formed by a multidisciplinary group and published
in 2015.'

Ovarian protection techniques

Techniques such as transposition of the ovaries (i.e., oophoropexy), may be
undertaken laparoscopically before pelvic irradiation.'”” Pelvic shielding of the
ovaries before upper abdominal irradiation is an option under reconsideration.'®®
Administration of gonadotropin-releasing hormone (GnRH) analogues may protect
the ovaries from the gonadotoxicity of chemotherapy, although the evidence is not
obvious and trials performed have not included females under the age of 18
years.'®'”" GnRH analogues are believed to suppress the ovaries via inhibition of
the hypothalamic-pituitary-ovarian (HPO) axis. Because the HPO axis is inactive
in pre-pubertal females, this option is not used in this patient group.

Cryopreservation of oocytes, embryos, and ovarian tissue

Ovarian cryopreservation is the only preservation option for pre-pubertal girls.
Because the technique is still considered experimental, it is recommended only for
pre-pubertal girls who have a very high expected risk of infertility or pubertal girls
who have a high/very high risk.'® Excision of an ovary or a part of an ovary is
performed laparoscopically. Strips from the ovarian cortex containing primordial
follicles are cryopreserved by vitrification (the tissue is placed in liquid nitrogen
after cryoprotectant exposure) a process thought to be advantageous to slow
freezing.'”” Future re-implantation of the thawed ovarian tissue takes place either
orthotopically (at the site of the remaining ovary) or heterotopically (in the
subcutaneous tissue of the forearm, the abdominal wall, or rectus muscle).173

In 2000, the first report of restoration of ovarian function after transplantation of
cryopreserved ovarian tissue was published.'” In 2004, the first pregnancy from
this technique was achieved.'” Auto-transplantations of ovarian tissue have
resulted in 86 live births and nine ongoing pregnancies worldwide.'” The first
successful birth after transplantation of cryopreserved ovarian cortical tissue in
Sweden was reported in 2014."”” To my knowledge, only two children until now
have been born after pre-pubertal'”® or premenarchal'” cryopreservation of
ovarian tissue. However, the procedure of re-transplantation of ovarian tissue
confers a risk of transferring malignant cells,"™"'®" especially in patients treated for
leukaemia,'® but also for Ewing sarcoma.'® A study of 26 females treated for
sarcoma found no sign of minimal disseminated disease in the examined frozen-
thawed ovarian tissue.'*

Oocyte- as well as embryo cryopreservation are well established methods in
post-pubertal females, the latter reserved for adult women. The two weeks of
hormonal ovarian stimulation needed for oocyte cryopreservation confers a
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subsequent unwanted delay of cancer treatment, a delay that makes this technique
less feasible for childhood cancer patients.

Long-term follow-up

The need for long-term follow-up after childhood cancer is of utmost importance.
In Sweden, approximately 9000 adults are long-term survivors of childhood cancer
(D. Petterson The National Board of Health and Welfare, personal communication
2016). Late effect clinics are being formed at the six university hospitals with
childhood cancer centres in Sweden. In 1987, the very first “late effect clinic” was
set up in Lund by paediatric oncologist and professor Stanislaw Garwicz together
with oncologist and professor Eva Stdhl, followed by Gothenburg in 2012.

Long-term follow-up guidelines from the American Children’s Oncology Group

as well as from Sweden, the United Kingdom and Scotland are available for health
care professionals."™"*” Through the collaborative work of the European Network
for Cancer research in Children and Adolescents (ENCCA, funded by the
European Union) and SIOPE partners a Survivorship Passport has evolved.
Professionals and survivors have worked together with the aim to harmonise the
follow-up across Europe."™'® The passport contains information on the medical
history and recommendations regarding follow-up and will hopefully be available
across Europe in 2017.
In 2016, both the International Guideline Harmonization Group in collaboration
with The PanCareSurfUp Consortium (funded by the European Union) and the
Swedish working group for long-term follow-up after childhood cancer (SALUB)
published recommendations for surveillance of POL "'’

Girls exposed to alkylating agents and/or radiation with the ovaries in the field
should have their ovarian function monitored post treatment. The Swedish and Pan
Care guidelines agree with respect to the evaluation of pubertal development and
progression in terms of clinical examination and menstrual history. The Swedish
guidelines recommend taking annual FSH and LH measurements during puberty
and at the age of 18 years, but the Pan Care guidelines make this recommendation
only if clinically indicated. Early referral to a paediatric endocrinologist is
recommended for pubertal disturbances and transient or manifest ovarian
insufficiency for consideration of hormonal replacement therapy. According to
Swedish guidelines, girls treated with SCT or radiation should be referred at
completion of their cancer treatment, but Pan Care recommends this approach only
if the patient exhibits POI symptoms.

In addition, the Swedish guidelines recommend that young females exposed to
alkylating agents and/or radiation involving the ovaries should be referred to a
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reproduction specialist for information and discussion about fertility preservation
as there may be a window of fertility for females at risk of POI.'%

The European guidelines identify several gaps in knowledge such as the
diagnostic and prognostic value of AMH to predict POI in female survivors of
childhood, adolescent and young adult cancer. Hence, AMH is not included in the
surveillance of females < 25 years treated for cancer, due to the lack of evidence
of its use to predict reduced fertility in this cohort. Long-term studies in this field
are needed to provide evidence of the efficacy of AMH in younger females.

As today’s recommendations are based on studies on survivors treated using
protocols that may no longer be in use, it is important to update guidelines to
reflect new knowledge based on evolving national and international research.

36



A1ims

The overall objectives

There are three main objectives in this thesis:

— to study the role of anti-Miillerian hormone (AMH) in serum as a potential
marker of ovarian reserve in female childhood cancer patients;

— to study ovarian function in girls with childhood cancer regarding potential and
timely adverse effects during and after different treatment regimens; and

— to investigate whether AMH levels during the first years after diagnosis can be
used to predict susceptibility for gonadotoxicity, and to use this information to
provide appropriate fertility counselling for patients at risk.

The specific objectives

There are four specific objectives in this thesis:

— to prospectively study the acute effect of cytotoxic treatment on AMH levels as a
potential marker of ovarian function during cancer treatment;

— to prospectively follow AMH as a marker of the ovarian reserve after treatment
and up to three years correlated to treatment given;

— to prospectively investigate ovarian function in young females treated for
different cancer types to identify treatment regimens affecting ovarian function;
and

— to evaluate the robustness of AMH concentrations in a clinical setting after long-
term storage of serum samples at —80°C and to investigate the potential influence
of thawing.
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Present investigations

Study population

Eligible patients were girls aged 0-18 years diagnosed and treated with cancer
since 2007 at the Department of Paediatric Haematology and Oncology, Skéne
University Hospital, Lund University, Sweden. A total of 104 girls were included
in the cohort in June 2016. Thirteen patients were lost to follow-up, ten denied
participation, and nine were excluded for various reasons. Clinical information
including menarche was recorded. All patients were treated per national and
international treatment protocols in accordance with recommendations from the
Swedish national working groups of paediatric oncology.

Methods

Blood was drawn from a central venous catheter or a peripheral vein at the time of
diagnosis and approximately every three months during and up to three years after
end of treatment. Thereafter, yearly samples were collected. Blood samples were
transported at room temperature to the local laboratory where they were
centrifuged, aliquoted, and stored at —80°C until analysis.

Serum levels of AMH and inhibin B were measured at the Laboratory of
Reproductive Biology, Copenhagen, Denmark using specific ELISA kits
according to the manufacturers’ instructions. Samples to be analysed in Denmark
were moved from the —80°C freezer, transported on dry ice and on arrival
immediately put in —80°C storage.

The first analyses of samples from the cohort included in the study were
performed in 2011. AMH was initially measured with DSL-10-14400 from
Diagnostic System Laboratories Inc. (Webster, TX). However, this assay became
unavailable and a few samples were analysed with a new Gen II assay from
Beckman Coulter using the same antibodies as in the DSL assay. There was a
strong significant linear correlation between the two assays. The lower limits of
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detection for the DSL and Gen II assays were 0.04 ng/ml and 0.16 ng/ml,
respectively.

In 2014, the laboratory in Denmark had changed to yet another and improved
AMH assay - the ultrasensitive Ansh-AMH. This assay has a lower limit of
detection (0.023 ng/ml). For the subsequent studies, new aliquots from the old
samples were re-analysed using the Ansh-AMH assay.

Plasma/serum levels of FSH (Roche 11775863) and LH (Roche) were measured at
the Department of Clinical Chemistry, Skdne University Hospital, Lund, Sweden.
Plasma levels of E2 were measured at the Department of Clinical Chemistry,
Skéne University Hospital, Malmo, Sweden. All analyses were performed on
thawed serum/plasma samples.

Statistical analyses

Study I: Comparisons between AMH levels from diagnosis to after three months
of treatment were analysed using paired samples ¢-test. Pearson’s correlation was
used to evaluate the correlation between AMH values and other continuous
variables. SPSS was used for statistical analyses. All statistical tests were two-
sided.

Study II: We calculated the correlation, agreement, and limits of agreement for the
AMH values of the 188 serum samples before and after the thawing episode in the
thawing experiment and for the FSH and LH measurements. In the analysis of
agreement, we used logarithmic transformation to stabilize variance. We excluded
the values under the detection level from the analysis of agreement. The
correlation coefficient was calculated using Spearman’s correlation coefficient. All
statistical analyses were performed in STATA version 13 and the figures were
created in GraphPad prism version 5.01.

Study III: We used linear regression to analyse AMH levels, adjusting for age and
diagnosis. All statistical analyses were performed using STATA version 13.

Study IV: For correlation between continuous variables, Spearman’s rho was
employed. For analysis of AMH values during and after treatment we used a
random effects poisson regression model with robust standard errors. To estimate
AMH recovery we compared baseline AMH with AMH at last follow-up in the
ALL SR, ALL IR and AML groups using a poisson regression model with robust
standard errors adjusted for baseline AMH and age.

For all analyses, we considered p < 0.05 as statistically significant.
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Study I

After three years of prospective collection of samples, we performed an interim
analysis to motivate further inclusion of patients in the study. We focused on
ovarian function the first months after start of cancer treatment because of the
heterogeneity of diagnoses and the variance in follow-up with only a small number
of patients with samples after completion of treatment. This study included 34
patients with a mean age of 9% years (range 4’2 months to 16 years); eleven of
these had reached menarche. The included patients were treated for ALL, AML,
Hodgkin lymphoma, Wilms tumour, osteosarcoma, Ewing sarcoma, CNS tumours,
and other diagnoses. We analysed blood samples for AMH, inhibin B, E2, FSH,
and LH.

Results

AMH was detectable in all patients at diagnosis and correlated to age but not to
menarche (Fig. 12).

6

AMH at diagnosis (ng/ml)

Age at diagnosis (years)

Figure12. AMH in relation to age at diagnosis and whether they had (red dots) or had not (black dots) reached
menarche. The filled and open dots represent cases that did and did not have detactable AMH after three months of
cancer treatment, respectively. From Study .

At diagnosis, inhibin B and LH were detected in less than 50% of the patients
reflecting the young age of many of the patients. At diagnosis, FSH was detected
in all the patients and estradiol in all but two patients.
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To our surprise, we found a profound and significant decline in AMH at three
months after start of treatment in all patients, regardless of diagnosis, menarche,
age at diagnosis, or type of chemotherapeutic drugs the patients received (Fig.13).
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Figure 13. Mean levels of AMH (black) and inhibin B (blue) in 34 patients at diagnosis (time point A) and during
treatment and after treatment at intervals of 3—4 months (time points B-J). The lines in the upper left corner illustrate
the individual duration of treatment (dotted lines depict maintenance treatment).The grey numbers under the x-axis
show the number of patients included at each time point. From Study I.

Both FSH and LH increased correspondingly. Twenty—two patients had
undetectable AMH after three months of treatment, the twelve patients with
detectable values included four of the eight with ALL, and they were all older than
eight years.

Of the 34 patients, 32 were followed for a minimum of one year after diagnosis,
and the median time of follow-up after completion of treatment was five months.

Patients with ALL composed the largest group (seven patients), but only a few
of them had samples for the whole treatment duration of 2’2 years. For those who
did, we observed a recovery in AMH as well as in inhibin B as early as during
low-dose chemotherapy maintenance treatment. For the nine patients treated with
HSCT or radiation below the diaphragm, we found that they did not show any
recovery of the ovarian function as measured by AMH after completion of
treatment during follow-up (a median follow-up of 18 months).

During the review process of this manuscript, a group in Edinburgh, Scotland
published similar results: they also found a decrease in AMH after start of
chemotherapy. Their prospective study comprised 22 children with a variety of
diagnoses and this was the first prospective study of AMH in girls during cancer
treatment; the study was published a few months before our study was available
on-line. Both these studies have small cohorts with a large variety of diagnoses, so
this meant that there was a low number for each diagnostic group, a limitation that
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makes it unsuitable to draw significant conclusions regarding AMH in relation to
specific chemotherapeutic agents.

The strength of our study is that we together with the colleagues from
Edinburgh for the first time prospectively used AMH as a marker of ovarian
function in young females treated for childhood cancer. We confirmed that girls
experience the same decrease in AMH after start of chemotherapy as adult females
although the dramatic decline in AMH after start of treatment is not yet entirely
understood.

Study II

In April 2013, all the samples (initially stored at —80°C) were exposed to an
accidental period of thawing: up to 11°C for up to 21 days before they were
refrozen. We were unsure whether we could rely on these samples in future
analyses. We therefore designed a study (i.e., study II) on stability of AMH after a
thawing episode. We also included the question whether a longer storage time
would impact the samples and the AMH values.

In 2014, we re-analysed the same samples (new aliquots) that were analysed with
the DSL-AMH assay in 2011, i.e. before the freezer error. The DSL assay was no
longer available and the laboratory now used a new ultrasensitive assay from Ansh
Labs with a good correlation to the former assay.

Results

When comparing AMH results from samples analysed in 2011 with samples
analysed in 2014 we found a good correlation; a correlation coefficient of 0.96
with values obtained with the Ansh-AMH assay on average 1.6 times higher (Fig.
14).

42



151

Ansh-AMH 2014 ng/mL

DSL-AMH 2011 ng/mL

Figure 14. Correlation DSL AMH 2011 and Ansh AMH 2014, n= 188 (in the figure n=104, only detectable values).
Ansh AMH showed 1.6 times higher values. From Study II.

We found similar AMH results from analyses of samples from 2007 and 2008
stored two years longer than samples stored in 2009 and 2010; both were 1.6—-1.7
times higher compared to the original analysis.

To further strengthen our study, we investigated samples for FSH and LH,
analysed at the same time points in 2011 and 2014 using the same analytical
methods. We found good overall agreement for FSH and LH values between the
two time points, with coefficients of agreement of 0.97 and 0.95, respectively, and
a correlation coefficient of r = 0.98 and r = 0.94, respectively. The difference in
AMH levels was similar to results in other studies comparing assays using the
same antibodies. These results suggest AMH was stable despite the thawing
episode and years of storage.

Furthermore, we conducted a thawing experiment on samples from ten pre- or
post-menopausal women to investigate whether thawing affected AMH levels. All
women had detectable AMH values. Six same-sample aliquots per patient were
stored at —80°C. Five aliquots from each patient were then thawed up to 11°C for
1, 3,7, 14 and 21 days, respectively. Then the aliquots were refrozen and stored
for a maximum of three weeks before analysis with the Ansh-AMH assay. Results
indicated that AMH in the thawed samples were clearly unaffected in comparison
to the frozen reference sample. All these results reassured us that we could rely on
our stored samples and the values obtained in spite of the freezer error so we
proceeded with our study with further inclusion of patients and collection of
samples.

The study was complicated by the use of several AMH assays for which there is
no international standard. However, we decided to use coefficients of agreement to
calculate how well the actual numbers agree with each other. We provided results
as a number indicating how many times higher (or lower) values analysed with
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one of the assays were compared to the other assay instead of the actual difference
because the distribution of measurements was skewed. In addition, this strategy
allowed us to obtain an interpretable measure. We obtained the similar agreement
regardless of assay used or length of storage time.

Study III

In Study I, we pointed to the very severe impact of radiation and SCT on the
ovaries over time. Treatment with alkylating agents given in high cumulative
doses is likewise known to have an adverse outcome on ovarian function.

Due to the intensified treatment, including alkylating agents, of young sarcoma
patients over the last several years, we wanted to determine what impact this could
have on ovarian function. Patients with Ewing sarcoma and osteosarcoma were
included in this study and we compared their outcome with Wilms tumour
patients, as the latter group is regarded to have less gonadotoxic treatment.

We analysed 198 blood samples from 21 patients diagnosed with Ewing sarcoma,
osteosarcoma, and Wilms tumour. The girls with sarcoma had a mean age of 11.2
years (Ewing sarcoma) and 11.8 years (osteosarcoma), and the patients with
Wilms tumour, which typically affects young children, had a mean age of 3.9
years.

Results

The 20 patients with a pre-treatment sample had detectable AMH and FSH. As
pre-treatment LH was only detectable in 25% of the patients, we focused on AMH
and FSH as LH gave no additional information. Inhibin B was not included as no
added information was gained from inhibin B in Study L.

We show that AMH at diagnosis was lower in patients with Ewing sarcoma
compared with patients with osteosarcoma after adjusting for age. Similarly, AMH
was lower in Wilms tumour patients compared with osteosarcoma patients,
although not statistically significant.

In study I, we reported a significant decline in AMH after three months of
treatment in all 34 patients. One of the patients with detectable AMH value after
three months was a Wilms tumour patient. In this study we show that the only
patients without dramatic decline in AMH were Wilms tumour patients (not
treated with radiation or SCT), which probably reflects the lower intensity and
duration of their treatment (Fig. 15).
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Figure 15. AMH levels before, during and after cancer treatment for Wilms tumour, osteosarcoma and Ewing
sarcoma. From Study IIl.

The three Wilms tumour patients with undetectable AMH at follow-up 2.4 years
after completion of treatment were all treated with whole abdominal radiation or
SCT. The remaining patients had higher median AMH at the end of follow-up
compared with pre-treatment AMH (Fig. 15).

All patients with Ewing sarcoma or osteosarcoma had low or undetectable AMH
during treatment. However, AMH increased in all patients with osteosarcoma
during follow-up after completion of treatment. In contrast, the Ewing sarcoma
patients had very low or undetectable values the first one to two years after
treatment (Fig. 15). Two of these patients exhibited a late and slow increase in
AMH and interestingly these patients were the two youngest (< 7 years old)
sarcoma patients.

To our knowledge, this study is the first to follow girls with the respective
diagnoses prospectively regarding AMH during and the first years after treatment.
The weakness in this study is the small number of patients. Future studies should
include more patients and a substantial length of follow-up to facilitate statistical
significance.
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Study IV (in manuscript)

Data on fertility after acute leukaemia is based mainly on retrospective studies of
female childhood cancer survivors. Only a few studies are published using AMH
as a marker for ovarian reserve in female ALL survivors. As all childhood cancer
treatments have intensified during the last decades (even for ALL and AML
patients) we designed this study to compare patients with ALL and AML
regarding ovarian function during and after treatment. In study I, we reported a
tendency of a recovery in AMH already during continuous chemotherapy for
seven young females with ALL. After gathering data for another three years, we
now have data from a larger cohort of girls treated for acute leukaemia. Of the 36
girls included, 29 were diagnosed with ALL and seven with AML. The ALL
patients were divided into different risk groups reflecting the treatment intensity;
standard risk (SR), intermediate risk (IR), and high risk (HR). The ALL patients
were treated for 2'% years and AML patients for approximately ' year.

Results

All patients, regardless of risk group, had a profound decline in AMH levels after
three months of chemotherapy, with an average reduction of 89% of the pre
treatment levels. Nevertheless, AMH was detectable but low in 40% of ALL
patients. AML patients had AMH levels that were very low or undetectable.
During treatment, AMH increased to pre-treatment levels as early as 12 months for
ALL SR and ALL IR patients and increased statistically significantly above pre-
treatment levels at 18 and 24 months from diagnosis, respectively. ALL HR and
all AML patients had low or undetectable values during treatment.

Patients treated for ALL HR or with SCT at relapse had undetectable or very low
AMH during the three-year observation period. In patients with AML, AMH
reached pre-treatment levels 12 months after treatment. Their AMH levels
continued to increase at 24 months, however not statistically significant to pre
treatment levels.

Finally, we compared AMH levels at diagnosis with the last obtained sample. The
median follow-up time from diagnosis was 3.1 and 3.8 years for patients with ALL
SR and ALL IR, respectively, and 3.4 years for AML patients. Patients treated for
ALL SR and ALL IR recovered with statistically significantly higher AMH levels
when compared with pre-treatment levels. Although AML patients recovered in
AMH, they displayed 60% lower AMH levels than those observed in the ALL SR
group at last follow-up. Pre treatment AMH was not associated with AMH level at
last follow-up.
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Figure 16. Mean AMH levels at diagnosis and at last follow up for ALL SR, ALL IR, ALL HR, and AML patients. From
study IV.

This is the first study to investigate girls with ALL and AML regarding ovarian
function during treatment. The data and results allow us to predict that patients
with ALL SR and ALL IR probably have intact ovarian function, but more studies
are needed to follow them carefully long term. In line with the earlier studies in
this thesis, patients treated with HSCT presented AMH values the first years after
treatment that indicate severe gonadotoxicity. Regarding AML patients, if their
later recovery has any impact on future fertility potential requires long-term
follow-up.
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Discussion

Knowledge on late complications after childhood cancer, such as impaired
fertility, is gained mainly from retrospective studies on adult childhood cancer
survivors. When we started our study in 2007, there were no prospective studies
published using AMH as a measure of ovarian reserve in either adults or in
children. AMH was mainly used by reproduction specialists to evaluate oocyte
response after hormonal stimulation in assisted reproduction.

In our daily work as paediatric oncologists or paediatric endocrinologists, we
occasionally meet young girls with primary or secondary amenorrhea in the out-
patient clinic during follow-up visits. We wanted to know when the negative
impact on the ovaries occurs and why (i.e., what treatment protocols were
involved). We also wanted to know what to do to avoid complications and how to
prevent these negative consequences in future patients. These were the questions
that led us to design the studies resulting in this thesis. AMH was not yet
investigated in a larger context in children and we therefore designed the
prospective study resulting in the data presented here. Simultaneously, we
designed a study together with reproduction specialists with the aim to in depth
analyse adult women treated for childhood cancer in the southern part of Sweden
regarding ovarian function, sexuality, quality of life, osteoporosis, and risk of the
metabolic syndrome.

In Lund, as paediatric oncologists, we follow our patients regularly until the age
of 18 years before referral to our late effects clinic, with a first appointment three
to five years later. There are two questions that need further exploration: 1) Are
there any preventive measures that can be undertaken during the supposedly fertile
years up until the age of 40 years? 2) Is there a need for intensified surveillance for
girls even with low or intermediate risk of premature ovarian insufficiency?

AMH pre-treatment

At diagnosis, AMH was detectable in all the girls included in the studies, which
could be expected by the use of modern AMH assays™*' and as AMH is
measurable in serum from birth.’"**> We found low pre-treatment AMH levels in
girls with Wilms tumour, which most likely reflects their younger age as AMH
increases with age up until the age of 25 years (Figs. 7 and 8).” After adjustment
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for age, pre-treatment AMH values were significantly lower in girls with Ewing
sarcoma compared with girls diagnosed with osteosarcoma. A reduced pre-
treatment AMH was found in a cohort of childhood cancer patients compared with
controls in a study from 2014, a finding that may be related to impaired general
health.””! As Ewing sarcoma is regarded as a systemic disease'’” thus it could
affect general health or even exert a direct negative effect on the ovaries via
metastatic spread.

It is unclear whether there is a threshold pre-treatment AMH value that protects
against toxicity. A study of adult breast cancer patients showed that a pre-
treatment AMH > 0.7 ng/ml predicted better ovarian recovery'®® and another study
reported AMH > 2.0 ng/ml as a sign of a larger ovarian reserve that could serve as
a protection against POI'*’. In our studies pre-treatment AMH did not predict
AMH level at last follow-up.

On the other hand, a high AMH value can also indicate polycystic ovary
syndrome a condition that impairs fertility and affects 5 to 10% of women.”
Unlike studies on adults,'”* the large inter-variability in AMH concentration
measured in girls, taken together with the fact that AMH increases until the age of
25 years,” makes interpretations difficult regarding pre-treatment value and
outcome.

AMH during treatment

AMH had a marked decline in the majority of patients after three months of
treatment, regardless of pre-treatment AMH, diagnosis, age, menarche, or
treatment given. A significant decrease in AMH was found in 17 adult women
with breast cancer, lymphoma, or Ewing sarcoma as early as one week after
initiation of treatment.'” Another study reported a significant decline in AMH in
30 young women with lymphoma already after 15 days from start of
chemotherapy.”’ In addition, a longitudinal study of 59 women with breast cancer
confirmed a marked fall in AMH after two cycles of chemotherapy.194 All these
studies show an acute toxic effect on the ovaries from chemotherapy with
depletion of small growing follicles.

Still detectable but low values at this time point were seen in 40% of ALL
patients. The values for the majority of the Wilms patients were not as low. The
treatment regimen for Wilms is divided into four to six weekly treatments pre-
surgery, depending on risk grouping. After pre-surgery treatment, there is usually
a period of three weeks waiting for the post surgery pathology report before
treatment commences again. ALL treatment starts with weekly induction therapy
and continuous glucocorticoids and one could only speculate if a low intensity
regimen reflects the AMH values. With a more intense regimen such as the
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alkylating containing regimen for Ewing sarcoma, AMH was very low or
undetectable during treatment, which was also true for osteosarcoma and ALL HR.
Interestingly, AMH started to increase in patients with ALL SR and ALL IR
already during the low dose chemotherapy maintenance treatment with a
significant increase above baseline at 18 and 24 months, respectively; these results
are in line with a recently published study.'”® Treatment for ALL IR is also given
during 2" years, but that treatment is more intense than treatment for ALL SR and
includes alkylating agents, which might be reflected in the later recovery.

AMH was very low or undetectable in AML patients during treatment,
reflecting the intensive treatment regimens. As expected, AMH was undetectable
in patients treated with whole abdominal radiotherapy or SCT during treatment.

AMH post treatment

Ovarian recovery as measured by AMH is highly variable depending on treatment
protocols.”” The recovery observed already during treatment for ALL SR and ALL
IR patients was sustained during follow-up, which is line with the prevailing
understanding of intact fertility in these patients. When comparing the last sample
at follow-up with pre-treatment AMH, there was a significant increase at three
years after treatment for both these risk groups of ALL. Patients with ALL HR or
treated with HSCT at relapse did not recover in AMH during the three year long
observation period. AML patients receive a shorter (six months) intensive pulsed
treatment but without alkylating agents, and their recovery in AMH was
substantially delayed compared with patients with ALL SR or ALL IR. A recovery
to pre-treatment values at 12 months after treatment was seen. Their AMH levels
continued to increase at 24 months, however not statistically significant to pre
treatment levels. Is the delay in recovery due to a more severe depletion including
primordial follicles or does the delay reflect the time in folliculogenesis, the time
between primary follicle and larger AMH producing follicles? Earlier studies did
not find a significantly reduced fertility in AML patients unless treated with
SCT 197198

Cancer treatment affects growing follicles, induces cortical fibrosis and causes
vascular toxicity in the ovaries."**'* Treatment with alkylating agents such as e.g.
cyclophosphamide or procarbazine in high cumulative doses has shown to impact
future fertility. Significantly, studies have reported higher AMH levels in patients
not receiving alkylating agents'”” as well as low or undetectable levels after
treatment with alkylator-containing regimens."”*'***"" Similarly, no recovery in
AMH is seen during follow-up in females treated with radiation involving the
ovaries.”® One study found that undetectable AMH two years post treatment
predicted no return of menses.*”
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Alkylating agents such as ifosfamide or cyclophosphamide included in the
treatment of Ewing sarcoma act on both quiescent oocytes and the dividing
granulosa cells.'** When the treatment depletes ovaries of small growing follicles
and thereby AMH, the inhibiting effect of AMH on recruitment of primordial
follicles is lost and recruitment is hastened, resulting in an overall diminished
primordial follicle pool.*”

The studies comprising this thesis show that if the toxic effect from cancer

treatment on the ovaries is truly profound, it seems to cause near complete
depletion of follicles. This is reflected in the non-apparent recovery in AMH
during follow-up after treatment for Ewing sarcoma, ALL HR, and those patients
treated with radiation (whole abdominal or TBI) or SCT. These patients are
considered to have a high risk of POI.
However, if the effect of treatment on the ovaries is less or moderate, a recovery in
AMH is seen. It is difficult to predict whether a proportion of these patients are
still at risk of POI. Girls treated for osteosarcoma, Wilms tumour (without
radiation or SCT), ALL SR, ALL IR and AML all fall into this category. Careful
long-term follow-up is essential (especially after the use of alkylating-containing
treatments), because ovarian reserve can be compromised even when a regular
menstrual cycle is evident.

Limitations of the studies

Our paediatric oncology centre is one of six in Sweden and these centres have a
relatively low number of annual patients. To gather an appropriate number of
patients (and therefore useable data and statistically significant results) requires
many years of inclusion of patients. In addition, we were unable to follow-up
patients at other departments or at local hospitals and samples from these patients
would therefore not be taken.

Not to be regarded as limitations, but rather as complications were the freezer
error that possibly could have compromised the samples and also the shift of AMH
assays. The use of several assays in this study, for which there is no international
standard, reflects the era when technical companies developed AMH assays
independently, which can complicate a longitudinal study.
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Conclusions

* AMH declines dramatically in all patients after three months of treatment,
with the exception of a fraction of Wilms tumour patients, regardless of
treatment, age, menarche, and AMH at diagnosis.

* Chemotherapy exerts an acute negative effect on ovarian function.

* Radiation with the ovaries in the field and/or stem cell transplantation
have a severe negative impact on the ovaries in the short and long term.

* Young females treated for Ewing sarcoma are at high risk of prolonged
ovarian dysfunction up to at least three years after cessation of treatment.

* Ovarian reserve seems less compromised in ALL patients compared with
AML patients, unless exposed to high risk treatment or SCT.

* The recovery of ovarian function after treatment is delayed in AML
patients; to determine whether this has impact on the ovarian reserve and
furure fertility will require careful long-term follow-up.

* Length of storage of samples and accidental thawing of samples up to
11°C for up to 21 days did not negatively impact AMH results.

Future perspectives

The cure of childhood cancer has a cost; two-thirds of survivors experience late-
complications, a cost that needs to be reduced. We must address the quality of
lives saved and continue to improve treatment protocols with the aim to reduce
toxicity and late complications without compromising survival rates. For patients
requiring radiotherapy, it is possible to reduce late complications by replacing
photons with protons where applicable. Accordingly, alternative replacement of
known severe gonadotoxic agents as exemplified in the Hodgkin lymphoma
regimen without jeopardizing survival should be considered with a careful and
systematic approach.

We should raise awareness of the need and possibilities of fertility preservation
and discuss preventive measures for those at risk of premature ovarian
insufficiency as early as at diagnosis. Expanded resources for reproduction
medicine will be needed to meet the increased demand for fertility preservation for
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young females diagnosed and treated for cancer. Advances in research on in vitro
maturation of primordial follicles could preclude the need for auto-transplantation
of ovarian tissue and thus reduce the risk of transferring malignant cells.

Indeed, we have the opportunity and the responsibility to ensure the quality of
lives saved. In general, we need to emphasise the need for long-term follow-up
and make it available to every survivor per national and international guidelines,
guidelines that need to be continuously updated.

Originating from the studies in this thesis the work could be continued and
developed in future studies in the following ways:

* Increase sampling to weekly or monthly during treatment for patient
groups at risk to enable a better understanding of the impact of treatment
on AMH and thereby the ovaries

* Continue sampling and analyses of AMH in the existing cohort for a long-
term follow-up

* Include other centres in Sweden and the Nordic countries to gather a
larger cohort that would facilitate significant conclusions regarding e.g. a
defined toxic cumulative dose of akylating and alkylating-like agents.

* Analysis of existing samples from our cohort for AMH polymorphism for
a better understanding of genetic causes of inter-personal variance in the
susceptibility of POI.

* Include prospective investigations of new anti-cancer medications recently
introduced e.g., tyrosine kinase inhibitors and different antibody and
immunomodulating treatments of which there is no data on potential
adverse effects on the ovaries.

* Increased surveillance of young female cancer survivors with FSH and E2
in pre-pubertal children and FSH and AMH in post-pubertal
children/young adults annually/biannually up to the age of 35 years with
the aim to determine risk of POI in time for fertility interventions.

During the preparation of my research project ahead of my registration as a PhD
student, my research plan constituted of two projects: the prospective part, which
has now resulted in this thesis and a retrospective part. The second project - a
retrospective study of adult female childhood cancer survivors treated in the
southern part of Sweden - was initiated by and took place at the Reproductive
Medicine Centre in Malmo, Sweden. A total of 167 women agreed to participate
by providing blood samples and taking part in a physical exam. The examination
gathered data on blood pressure, BMI, waist-hip ratio, and bone density. The
participants also provided information about their sexuality and quality of life.
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Data from the investigated cohort and an equal number of controls will be
analysed soon. My focus will be on evaluating a potential increased risk of POI,
osteoporosis, and the metabolic syndrome in relation to diagnosis, age at
diagnosis, and treatment received.
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Popularvetenskaplig sammanfattning

Behovet av langsiktig uppfoljning efter barncancer &r stort. Cancerbehandlingens
paverkan pd fertilitet hos unga flickor dr ett omrade under stindig utveckling
sedan det visat sig att vissa som behandlats for cancer senare inte kunnat fa barn.
Malet med studierna i denna avhandling var att studera dggstockarnas funktion
fore, under och efter behandling for cancer och korrelera resultaten till diagnos och
behandling. Nér vi paborjade var studie hade liknande studier pa unga flickor inte
gjorts tidigare.

Bakgrund

Idag overlever &ver 80 procent av de barn och ungdomar under 18 ar som
insjuknar i cancer. Overlevnaden har &kat dramatiskt sedan 1960-talet. Detta
tillskrivs en utvecklad diagnostik och forbéttrad behandling dér kombinationen av
kirurgi, cytostatika och i vissa fall strdlning &r essentiell, samt &ven en forbattrad
s& kallad supportive care. Med supportive care menas omhindertagande av den
svart sjuka patienten med t.ex. behandling mot infektioner, transfusioner av blod
och blodprodukter samt mojlighet till intensivvérd.

Idag berdknas 1/1000 vuxna i de nordiska ldnderna ha dverlevt cancer i barn
och ungdomséren. Men 6kad 6verlevnad kan ha ett pris i form av biverkningar till
foljd av cancersjukdomen och dess behandling. Dessa biverkningar som kan
uppstd méanga &r efter avslutad behandling, kallas ofta sena effekter eller sena
komplikationer. De kan drabba i princip alla organsystem i kroppen och paverka
tex njurar, hjirta, horsel, skelett och kognitiv forméga. De vanligaste sena
effekterna dr endokrina (hormonella) eller har med fortplantning att gora och
drabbar ca 40% av de som behandlats for cancer som unga. En konsekvens av
cancerbehandling i unga ar kan saledes vara paverkan pd dggstockarna och deras
funktion. Detta kan visa sig pd manga olika sitt fran tex. att puberteten paverkas,
till ett for tidigt klimakterium ledande till infertilitet.

Flickor fo6ds med bestamt antal dggceller, ca 1-2 miljoner vid fodelsen. Dessa

fornyas inte utan minskar gradvis under livet, till ca 500 000 vid forsta
menstruation och 1000 vid klimakteriet som i genomsnitt intrdffar i en &lder av 51
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ar. Fertiliteten ar starkt nedsatt ca 10 ar innan en kvinna kommer i klimakteriet och
menstruationerna upphdr. Cancerbehandling med vissa cytostatika och/eller
strdlning med dggstockarna i strilféltet kan paverka dggstockarna med &tf6ljande
minskning av antalet dggceller i varierande grad. Beroende pa graden av péverkan
kan det visa sig direkt efter behandlingen genom att dggstockarna slutar att
fungera eller senare med att klimakteriet startar ménga &r tidigare &n normalt.
Detta medfor inte bara nedsatt fertilitet tidigare &n normalt men ocksa brist pé det
kvinnliga konshormonet dstrogen. Ostrogen har manga viktiga funktioner och brist
kan pa sikt leda till benskorhet och 6kad risk for hjart-karl sjukdom.

Tidigare studier visar att de flesta flickor som behandlas for cancer inte kommer
att ha ndgra problem med sin fertilitet. De flickor som framf0r allt &r i riskzonen &r
de som har fétt strdlbehandling med &dggstockarna i stralfiltet eller genomgatt
hogdosbehandling med stamcellsstod (HSCT).

Antalet och kvaliteten pd de kvarvarande dggcellerna i dggstockarna kallas for
dggstocksreserv eller ovariell reserv. Den mest anvénda metoden for att utvédrdera
dggstocksreserven dr att méta antalet dggceller (av en viss storlek) genom ett
vaginalt ultraljud i kombination med blodprov for follikelstimulerande hormon
(FSH) och 0strogen. P& senare &r har det visats att AMH, anti-Miilleriskt hormon
som bildas i stddjeceller runt dggcellerna och kan mitas i ett blodprov ocksa
avspeglar dggstocksreserven pé ett tillforlitligt sétt.

Barnonkologin hade inte varit dir den 4r idag utan nationellt och internationellt
samarbete med deltagande och registrering i forskningsstudier. Detta giller inte
bara utvecklingen av cancerbehandling utan ocks&d uppfoljningen efterdt av
eventuella sena komplikationer. Ar 2007 pabérjade vi vér studie av dggstockarnas
funktion métt med AMH, fore, under och efter cancerbehandling hos flickor upp
till 18 &rs &lder. Vid den tidpunkten fanns det ingen sddan studie om AMH hos
flickor med cancer. De totalt 104 flickor som har inkluderats i studien har limnat
blodprov vid diagnos var tredje méanad i tre &r och ddrefter arligen.

Delstudie 1

Nir vi hade samlat prover i drygt 3 ar behdvde vi gora en forsta interimsanalys for
att utvdrdera om resultaten kunde motivera fortsatt insamling. Vi analyserade
prover fran 34 flickor med olika cancerdiagnoser. D& vi inte hade s lang
uppfoljningstid fokuserade vi pA AMH under forsta delen av behandlingen.

Resultaten visade att AMH hade sjunkit drastiskt frdn utgéngsvardet vid
diagnos och till 3 ménader in i behandlingen hos alla flickorna. Det vill sidga att
behandlingen gav en akut paverkan pd dggstockarna, oavsett vilken
cytostatikabehandling som gavs. Vi sdg ocksd att flickor med akut lymfatisk
leukemi &terhdmtade sina AMH vérden under den mindre intensiva s kallade
underhallsbehandlingen. Detta till skillnad fran de som fétt hgdosbehandling med
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efterfoljande stamcellsstod (HSCT) eller de som strdlats med &dggstockarna i
stralféltet dir vi inte sdg ndgon dterhdmtning av AMH under uppf6ljningstiden.

Delstudie 11

P& véren 2013 fick vi problem med vér frys vilket ledde till ofrivillig upptining av
proverna fran —80°C till 11°C under upp till 21 dagar. For att ta reda pd om vi
kunde lita pé fortsatta analyser planerade vi denna studie dér vi pa nytt analyserade
de prover som utsatts for fryshaveri och jamfoérde virdena med métningar gjorda
2011, fore fryshaveri. I mellantiden hade laboratoriet bytt analysmetod for AMH,
varfor uppnédda vérden inte kunde jamforas direkt, men vi fick en god korrelation
mellan de bada analysmetoderna. Vi kontrollerade dven om prover for FSH och
luteiniserande hormon (LH), métta med samma metod fore och efter fryshaveri,
vilket visade en utmirkt korrelation. Av detta drog vi slutsaten att skillnaden i
AMH fore respektive efter fryshaveri berodde pd metodbyte och inte upptining av
prover. Detta stirktes ytterligare av ett tiningsexperiment som utfordes pa prover
frdn 10 vuxna kvinnor. Av sex prover fran varje kvinna beholls ett i frysen, de
andra fem tinades i 1, 3, 7, 14 respektive 21 dagar innan de frystes ner igen fore
analys. Proverna visade oforidndrade resultat oavsett om, eller hur linge de tinats.
Tvé ars ldngre forvaring i frysen paverkade inte heller provresultaten.

Delstudie II1

Delstudie III redovisar dggstocksfunktion métt med AMH pé flickor under och
efter behandling for skelettumdrerna osteosarkom respektive Ewing sarkom i
jamforelse med flickor med njurtumér, sa kallad Wilms tumér. Vi ville jamfora
dessa diagnosgrupper da det i behandlingen for framfor allt Ewing sarkom ingéar
cytostatika som kan péverka &ggstocksfunktion, vilket inte &r fallet i
standardbehandling fér Wilms tumdr, sdvida inte strdlbehandling mot njuren
behdver ges.

Vi fann att AMH sjonk eller var omitbart under behandling hos alla med
osteosarkom eller Ewing sarkom. Endast de i gruppen med Wilms tumér som fatt
stralbehandling eller HSCT hade kraftigt padverkade varden under behandling,
dessa aterhdmtade sig inte heller i AMH efter avslutad behandling. AMH-vérden
for flickor med osteosarkom steg relativt snabbt efter avslutad behandling, i
motsats till de med Ewing sarkom dér endast tvd av sju hade en aterhamtning tva
ar efter avslutad behandling. Vi redovisar fa patienter med en uppfdljningstid pa
3% &r, men véra resultat pekar pd en kraftigt pdverkad ovariefunktion dven efter
behandling for Ewing sarkom i tilldgg till de patienter som strélbehandlats eller
fatt HSCT.
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Delstudie IV (i manuskript)

Har redovisar vi dggstocksfunktion matt med AMH hos 36 flickor under och efter
behandling for akut myeloisk (AML) respektive akut lymfatisk leukemi (ALL).
Behandlingen for AML &r mer intensiv, men &r i gengéld kortare, ca sex ménader
mot 2% ar for ALL. ALL-behandlingen &r olika intensiv beroende pé riskgrupp:
standardrisk (SR), intermediér risk (IR) eller hogrisk (HR).

Liksom i studierna ovan sjonk AMH vid kontrollen tre ménader in i behandling,
dock mer uttalat for dem med AML. Patienter med ALL SR och IR aterhamtade
sig i AMH, jimfort med utgdngsprovet redan vid 18 respektive 24 ménader in i
den 30 méanader l&nga behandlingen. De som behandlats for ALL HR eller med
HSCT aterhdmtade sig inte i AMH under den tre &r l&nga observationstiden.
Patienter med AML hade kraftigt pdverkat AMH under behandling som steg forst
tolv manader efter avslutad behandling, dock inte &ver sitt utgangsvirde, inte
heller efter 24 ménader. Vér slutsats &r att ovariefunktionen inte paverkas avsevirt,
forutom for dem med ALL HR alternativt de som far hdgdosbehandling med
stamcellsstod. AML patienter uppvisar en senare dterhdmtning i AMH och
uppfoljning dver ldngre tid ar viktig for att utvirdera om detta har konsekvenser
for deras dggstocksfunktion och fertilitet pa sikt.

Slutsatser

Flickor och unga kvinnor som har behandlats fér cancer har en okad risk for
prematur ovariell insufficiens — ett for tidigt klimakterie. Detta kan leda till
infertilitet innan barnafodande har planerats. Tidigare studier har visat att detta
framfor allt géller de som har fétt strdlning mot sina dggstockar eller genomgatt
hogdosbehandling med stamcellsstdd. Vara studier pekar pé att denna paverkan pa
dggstockarna kommer redan tidigt, akut i forloppet. Vara resultat visar ocksa att de
som har fétt intensiv behandling med hoga doser av s& kallade alkylerande
cytostatika, som vid Ewing sarkom, ocksa verkar ha samma tidiga akuta och i flera
fall kvarstdende péverkan. Sannolikt leder inte behandling mot akut lymfatisk eller
myeloisk leukemi till infertilitet, undantaget de som behandlas med
hégdosbehandling och efterfoljande stamcellsstdd.

Var slutsats dr att det d&r mycket viktigt med langsiktig noggrann uppfoljning
efter genomgangen cancerbehandling for att hitta tecken pa sviktande
dggstocksfunktion i tid. De flickor som genom sin behandling anses ha en hog risk
for infertilitet bor informeras och erbjudas fertilitetsbevarande &tgirder redan vid
diagnos.
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