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1. Introduction

Survival rates for childhood cancer have improved
dramatically over the last 30 years such that approxi-
mately 70% of children can expect to become long-term
survivors [1,2]. However, the successful treatment of
childhood cancer with multi-agent chemotherapy in
combination with surgery or radiotherapy causes sig-
nificant morbidity in later life [3]. Infertility is one of the
more commonly encountered and psychologically dis-
tressing complications of treatment and strategies to
preserve fertile potential need to be developed. Pre-
servation of fertility is dictated by sexual maturity of the
patient with the only available established options being
cryopreservation of spermatozoa for the male and of
embryos for the female. Options in children are limited
and still experimental, but advances in assisted repro-
duction techniques have focused attention on preserving
gonadal tissue for future use [4-10]. Testicular or ovar-
ian tissue can be harvested and stored before sterilising
cancer therapy. Following cure, the stored tissue could
be autotransplanted, with restoration of natural ferti-
lity, or these stored cells could be matured in vitro until
they reach a sufficiently mature stage for fertilisation via
assisted reproduction [4-10]. The future use of har-
vested gonadal tissue is an exciting new area of gamete
biology which raises a wide range of ethical and legal
issues. We review the impact of treatment for childhood
cancer on future fertility, explore the available clinical
and experimental options and the effects such interven-
tions may have on the offspring.
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2. Gonadal damage

Treatment of childhood cancer with chemotherapy
and radiotherapy may damage gonadal tissue and result
in permanent sterility in both males and females [11-18].
The prevalence of gonadal failure in survivors of child-
hood cancer is difficult to ascertain because there are
relatively few prospective studies. This is further com-
pounded by the fact that treatment regimens are con-
tinually evolving.

2.1. Males

2.1.1. Chemotherapy

Cytotoxic chemotherapy agents may produce perma-
nent damage to the germinal epithelium of the testis at
all ages resulting in oligozoospermia or azoospermia in
adulthood [11-15,19-26]. The extent of the damage is
dependent upon the agent administered and dose
received, although it can be difficult to determine the
relative contribution of each individual drug as most
treatments are administered as multi-agent regimens. A
number of agents, including procarbazine, cisplatin and
the alkylating agents, such as chlorambucil and cyclo-
phosphamide have been identified as being gonadotoxic
(Table 1) [12,13,19-23]. Treatment of Hodgkin’s disease
with combination chemotherapy regimens such as
MOPP (mechlorethamine, vincristine, procarbazine and
prednisolone), ChIVPP (chlorambucil, vinblastine, pro-
carbazine and prednisolone) or COPP (cyclopho-
sphamide, vincristine, procarbazine and prednisolone)
have been reported in a number of studies to result in
permanent azoospermia in more than 90% of patients
[12,24]. The adriamycin, bleomycin, vinblastine, dacar-
bazine (ABVD) combination, which does not contain
alkylating agents, chlorambucil or procarbazine, has
been shown to be much less gonadotoxic, resulting in
temporary azoospermia in only 33% of patients and
oligozoospermia in 21%, with ‘full’ recovery after 18
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months reported in most patients [24]. ‘Hybrid’ regi-
mens (e.g. alternating cycles of ABVD with ChIVPP or
MOPP) are also likely to be less gonadotoxic [25] than
MOPP, Ch1VPP or COPP given alone.
Cyclophosphamide, either alone or in combination
with other agents, is known to damage the germinal
epithelium. In a follow-up study of 30 men for a mean
of 12.8 years after treatment with cyclophosphamide
(total dose 560-840 mg/kg) for childhood nephrotic
syndrome, azoospermia as reported in 13%, oligozoos-
permia in 30% and normal semen analysis in the
remaining 57% [22]. The threshold for impaired sper-
matogenesis was a total cumulative dose of 10 g. How-
ever, when used in combination with doxorubicin and
dacarbazine or vincristine—which have not been shown
to be gonadotoxic—for the treatment of solid tumours,
azoospermia was permanent in 90% of men treated with
cyclophosphamide doses >7.5 g/m? [26]. Treatment of
acute lymphoblastic leukaemia (ALL), the commonest
childhood malignancy, usually includes cyclopho-
sphamide or cytarabine. A study of testicular histology
in 44 boys treated for ALL demonstrated a 50% reduc-
tion in tubular fertility index (TFI) (percentage of
tubules containing identifiable spermatozoa), with
severe impairment (TFI <40%) in 18 patients. The
severity of the damage was influenced by previous
chemotherapy with cyclophosphamide and cytarabine
(>1 g/m?), although the TFI improved with increasing
time from treatment [27]. ‘Full’ recovery of spermato-
genesis was observed in 3 of 7 of the patients with severe
depression of TFI followed-up for a median 10.8 years
(range 5.5-15.9 years) off treatment [20]. Current treat-
ment of ALL in the UK includes cytarabine (total
cumulative dose: 2 or 4 g/m?) and cyclophosphamide
(total dose: 1.2 or 2.4 g/m?). Although these doses are
unlikely to be sterilising, long-term follow-up is necessary.

Table 1
Gonadotoxic chemotherapy agents

2.1.2. Radiotherapy

The degree and duration of radiotherapy-induced
testicular damage depends on the field of treatment,
total dose and fractionation schedule [15,16]. Doses as
low as 0.1-1.2 Gy damage dividing spermatogonia and
disrupt cell morphology resulting in oligozoospermia
[16,28-30]. Permanent azoospermia is reported follow-
ing single fraction irradiation with 4 or 1.2 Gy fractio-
nated [16,28]. Leydig cells are more resistant to damage
from radiotherapy than the germinal epithelium and
progression through puberty with normal potency is
frequent despite severe impairment of spermatogenesis.
Testicular irradiation with doses of greater than 20 Gy
is associated with Leydig cell dysfunction in prepubertal
boys, while Leydig cell function is usually preserved up
to 30 Gy in sexually mature males (Table 2) [31].

2.2. Females

2.2.1. Ovary

2.2.1.1. Chemotherapy. Although females are less sus-
ceptible to the deleterious effects of chemotherapy than
males the gonadotoxic agents are similar (Table 1).
Ovarian damage is drug- and dose-dependent and is
related to age at the time of treatment, with progres-
sively smaller doses required to produce ovarian failure
with increasing age [32-35].

Treatment of Hodgkin’s disease with mechlor-
ethamine, vinblastine, procarbazine and prednisolone
(MVPP), MOPP or ChlVPP results in ovarian failure in
19-63% of patients [12,32-35]. Amenorrhoea is much
more commonly encountered in women over 30 years,
50-89%, whereas in younger women ovarian function
appears to be preserved in 48—-100% of patients [12,33—
35]. Long-term follow-up is necessary to determine how

Gonadotoxic chemotherapy

Alkylating agents
Cyclophosphamide
Ifosfamide
Nitrosoureas, e.g. BCNU, CCNU
Chlorambucil
Melphalan
Busulphan

Vinca-alkaloids
Vinblastine

Antimetabolites
Cytarabine

Platinum agents
Cisplatin

Others
Procarbazine

Table 2

Radiotherapy-induced damage to the reproductive tract
Gender Site Effect

Males Cranial/total body Endocrine axis disruption

irradiation
TBI/pelvic/testicular Germinal epithelium

> 1.2 Gy—azoospermia

0.1-1.1 Gy - oligoozospermia
Leydig cells

>20 Gy—prepubertal

>30 Gy—post-pubertal

Females  Cranial/total body Endocrine axis disruption
irradiation
TBI/abdominal/pelvic ~ Ovarian failure (LDsy <4 Gy)

older women >5 Gy

younger women >20 Gy
Uterine damage

decreased volume

decreased elasticity

TBI, total body irradiation.
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many of these young women subsequently progress to a
premature menopause [36].

Ovarian function appears to be preserved following
standard treatment for childhood ALL in most cases
[37-39]. In a UK study all of 40 girls treated for child-
hood ALL achieved adult pubertal development and 37
had regular menses [40]. However, a recent study has
shown decreased luteinising hormone (LH) secretion
and short luteal phases in young women whose treat-
ment for childhood ALL involved low dose cranial
irradiation as CNS-directed therapy [41]. Protocols are
continually evolving and vigilant long-term follow-up of
these patients is vital, to monitor the risk of late effects.

2.2.1.2. Radiotherapy. Total body, abdominal or pelvic
irradiation may cause ovarian and uterine damage and
the degree of impairment is related to the radiation
dose, fractionation schedule and age at time of treat-
ment [17,18,42,43]. The human oocyte is very radio-
sensitive, with an estimated LDs, of less than 4 Gy [18].
The younger the child at the time of radiotherapy the
larger the number of primordial follicles present. Thus,
for a given radiation exposure the longer the ‘window’ of
fertility before premature menopause. Permanent meno-
pause may be induced in women aged > 40 years follow-
ing treatment with 6 Gy, while significantly higher doses
are required to destroy the oocyte pool completely and
induce ovarian failure in young women and children [17].

Ovarian failure was observed in 97% (37 of 38) of
females treated during childhood with whole abdominal
irradiation (20-30 Gy); 71% developed primary ame-
norrhoea with a premature menopause (median age 23.5
years) in the remainder [17]. Total body irradiation
(TBI), either alone or in combination with cyclopho-
sphamide, as conditioning for bone marrow transplan-
tation (BMT), is associated with infertility [43]. In a
long-term follow-up of 708 women median 3 years
(range: 1-17 years) after bone marrow transplantation,
532 had received TBI (10-15.75 Gy, single exposure or
fractionated) and 176 were treated with cyclopho-
sphamide (200 mg/kg) alone or with busulphan (16 mg/
kg), as conditioning therapy. Ovarian failure was
observed in 90% of patients following TBI and 68%
following chemotherapy.

2.2.2. Uterus

2.2.2.1. Radiotherapy and chemotherapy. Uterine func-
tion may also be impaired following radiotherapy.
Reduced uterine volume and decreased elasticity of
uterine musculature, possibly as a consequence of
impaired vascularisation, are found in girls receiving
pelvic, abdominal and total body irradiation pre-
pubertally [44—47]. Although successful pregnancies fol-
lowing radiotherapy are reported, the incidence of
spontaneous abortion, premature delivery and intra-
uterine growth retardation is significantly increased

[17,43,48]. Following whole abdominal irradiation (20—
30 Gy) in childhood, all pregnancies occurring in
women with preserved ovarian function resulted in mid-
trimester miscarriage [17]. For patients with ovarian
failure, oocyte donation is a possibility, but the success
will be dictated by uterine function. There is only one
report of a successful pregnancy and healthy offspring
with oocyte donation following BMT and TBI for
childhood cancer [47]. In an attempt to improve uterine
function, a number of studies have explored the role of
exogenous sex steroid replacement in women with pre-
mature ovarian failure and impaired uterine volumes
following TBI and BMT [45,46,49]. In one study, eight
girls received hormone replacement therapy sufficient to
induce pubertal development and menses, but inade-
quate to achieve normal uterine growth with mean
uterine volumes only 40% of the normal adult volume
[46]. By contrast, women with premature ovarian failure
following TBI for childhood leukaemia and treated with
physiological sex steroid replacement therapy have shown
an increase in uterine volume and endometrial thickness
comparable to healthy controls [45]. Further studies are
required to determine the optimal regimen of sex steroid
replacement therapy for these young women who have a
life-long requirement for hormone replacement.

Chemotherapy does not appear to have any sig-
nificant lasting adverse effect on uterine function. Suc-
cessful pregnancy, with no increased risk of miscarriage,
and healthy offspring are reported following treatment
with multi-agent chemotherapy regimens [50].

3. Fertility preservation

Advances in assisted reproduction and increasing
interest in gamete extraction and maturation have
focused attention on preserving gonadal tissue from
children before sterilising chemotherapy or radio-
therapy with the realistic expectation that future tech-
nologies will be able to utilise their immature gametes.
The impetus for preserving gonadal tissue is provided
by pioneering experiments in ewes [51], and the report
of a successful autologous ovarian graft in a previously
oophorectomised women [52]. In addition, live human
births have been reported after the transfer of embryos
fertilised with immature spermatogenic cells [53-55].
Such issues have inevitably provoked questions from
parents and oncologists about their possible application
in children undergoing cancer therapies [56,57].

3.1. Males (See Table 3)

3.1.1. Established practice

3.1.1.1. Cryopreservation of mature gametes. Cryopre-
servation of spermatozoa is the only established option
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Table 3
Clinical and experimental strategies for preservation of reproductive
function in oncological patients

Males Females

a. Clinical practice

Sperm banking
Ejaculation
Rectal electrostimulation
Testicular/epididymal aspiration

Oophoropexy
Embryo cryopreservation

b. Experimental strategies
Cryopreservation of immature
Spermatogenic cells
Gonadotrophin suppression
Cryopreservation of testicular
tissue

Cryopreservation of oocytes
Gonadotrophin suppression
Inhibition of follicle apoptosis
Cryopreservation of ovarian tissue

in current practice for restoration of male fertility.
Spermatozoa are usually obtained from the ejaculate by
masturbation, but rectal electrostimulation techniques
or retrieval by epididymal aspiration or testicular biopsy
may also be successful. In the young man with difficulty
sustaining an erection, sildenafil, a treatment for erectile
dysfunction, may be helpful. This drug is a specific
phosphodiesterase type 5 (PDE 5) inhibitor that enhan-
ces nitric oxide (NO)-mediated vasodilation in the
corpus cavernosum by inhibiting cyclic guanosine
monophosphate breakdown.

The problems of low numbers and poor motility
sperm often seen in men with newly diagnosed malig-
nancy, may be circumvented [58-60] by recently devel-
oped assisted reproduction techniques, especially
intracytoplasmic sperm injection (ICSI), which involves
the injection of a single spermatozoan directly into an
oocyte. More recently, several pregnancies have been
achieved with ICSI using immature spermatids and sec-
ondary spermatocytes extracted from testicular tissue in
men with spermatogenic arrest [53—55]. The use of these
immature haploid spermatogenic cells for ICSI, raises
the possibility of retrieving haploid cells from testicular
tissue in peripubertal boys. A major concern, however,
is the large size of the testicular biopsy required. For
prepubertal boys, lacking in haploid gametes, no options
are available at present to preserve fertility and poten-
tial strategies must be considered entirely experimental.

3.1.2. Experimental strategies

3.1.2.1. Gonadotrophin suppression. Strategies to protect
spermatogenesis and restore sperm production follow-
ing gonadotoxic treatment have been investigated. The
relatively quiescent prepubertal testis may be less sus-
ceptible to the deleterious effects of chemotherapy and
radiotherapy [61] and it was postulated that the induc-
tion of a prepubertal state by gonadal suppression
would afford some protection to the testis during cyto-
toxic therapy. Although it is clear that cytotoxic therapy
is gonadotoxic at all ages [12], manipulation of the tes-

ticular milieu by gonadotrophin suppression has yielded
encouraging results in animals. Protection of spermato-
genesis in rats has been shown using a variety of hor-
mones to suppress the hypothalamic—pituitary—gonadal
axis including testosterone alone [62] or in combination
with oestrogen [63], gonadotrophin-releasing hormone
(GnRH) antagonists with testosterone [64], and GnRH
agonists alone [65] or in combination with anti-andro-
gen [66,67] during treatment with procarbazine, cyclo-
phosphamide  and  radiotherapy.  Furthermore,
administration of GnRH agonists or testosterone either
immediately, or after a delay, following sterilising
radiotherapy or procarbazine treatment enhances
recovery of spermatogenesis in rats [67,68]. Although
the mechanism by which cytotoxic therapy induces
azoospermia is uncertain, studies in rats have shown
that some stem cells survive cytotoxic insults and that
ensuing infertility is a consequence of the inability of
spermatogonial stem cells to differentiate. Conse-
quently, it is believed that hypothalamic—pituitary—
gonadal axis suppression facilitates differentiation by
lowering intratesticular testosterone levels [68].

Stem cell survival is evident clinically from reports of
recovery of spermatogenesis and return of fertility many
years later [15,20,24]. However, despite the success of
hormone suppression in rats, studies in humans have
been inconclusive. In one study where cyclopho-
sphamide was administered as immunosuppressive
therapy for nephrotic syndrome in adult men, preserva-
tion of fertility was achieved [69]. Of the men who
received cyclophosphamide alone, 90% remained
azoospermic at 6 months posttreatment, whereas sperm
concentrations returned to normal in all five of the men
who received testosterone therapy during the immuno-
suppressive treatment but other studies have not con-
firmed these results. Suppression of testicular function
with a GnRH agonist, alone or in combination with
testosterone during gonadotoxic chemotherapy treat-
ment for lymphoma, did not confer any protective ben-
efit or enhance recovery of spermatogenesis [70,71]. In
men treated with sterilising radiotherapy and chemo-
therapy for childhood cancer, effective gonadotrophin
suppression with medroxyprogesterone acetate for at
least 3 months did not result in restoration of sperma-
togenesis [72]. The absence of histological evidence of
spermatogonial stem cells in testicular biopsies from
these men before and after suppression suggests com-
plete ablation of the germinal epithelium and irrever-
sible infertility. Endocrine manipulation to enhance
recovery of spermatogenesis may be successful in
patients in whom the testicular insult is less severe and
at least some spermatogonial stem cells are preserved.

3.1.2.2. Harvesting testicular tissue. In theory, testicular
tissue could be removed before the start of treatment
and cryopreserved for later use. Following cure from his
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malignancy the patient’s isolated germ cells could be
autotransplanted or conserved in vitro until they reach a
stage sufficiently mature to achieve fertilisation with
ICSI. In order to develop autologous germ cell trans-
plantation in humans, techniques have to be developed
by which human testicular germ cells can be isolated,
stored and reintroduced into the testis. Cryopreserva-
tion of testicular tissue and spermatozoa are well estab-
lished, but freezing procedures will require modification
and optimisation, taking into consideration the inherent
biological differences between the immature diploid
stem cells and mature gametes, if such techniques are to
be applied to spermatogonial stem cells [73].

3.1.2.3. Future use of germ cells. The future use of tes-
ticular germ cells will be dictated by the options avail-
able at that time, but will most likely involve either
maturation of the germ cells in vitro for use with ICSI,
or tissue transplantation. Ideally, tissue transplantation
would involve injecting preparations of purified germ
cells into the testis with restoration of natural fertility.
In vitro maturation techniques, although still very much
in their infancy, would have the advantage of eliminat-
ing any risk of transplanting malignant cells into the
patient. Male germ cells can survive in vitro for several
months and are likely to undergo cell division [73].
Tesarik and colleagues have reported in vitro spermato-
genesis and healthy offspring using ICSI. However, the
maturation process in these studies involved in vitro
maturation of late stages of spermatogenesis rather than
development from germ cells [74,75].

Testicular germ cell transplantation was pioneered by
Brinster and colleagues in 1994 [5]. Testicular germ cells
isolated from mouse testis and transplanted into the
testis of genetically or experimentally sterile mice initi-
ated and sustained normal donor spermatogenesis,
restoring fertility and producing healthy offspring [76].
A number of studies have concentrated on developing
the most efficient technique for infusing the stem cells
into the testis. Injection into the rete testis of bull,
monkey and man, under ultrasound guidance proved to
be the simplest and most effective method of filling the
seminiferous tubules in vitro [77]. Injection into the rete
allows a much larger volume of cells to be infused
compared with the micro-injections involved in re-
infusing directly into the seminiferous tubules. Further
work is required to perfect this technique for human
application.

Immature testicular tissue has been shown to grow
and differentiate when grafted into another species [10].
This provides an additional strategy for conserving the
male germ line and circumvents the risk of reintrodu-
cing malignant cells. However, this technique is unlikely
to be ethically acceptable and is compromised by the
risk of interspecies transfer of potentially pathogenic
micro-organisms.

3.2. Females (see Table 3)

As with males the options available are dependent
upon the sexual maturation of the patient, although in
contrast to males, the gamete pool is fixed at birth and
collection is technically more difficult. A number of
strategies to protect the ovaries and preserve fertility
during cancer therapy have been attempted with limited
success.

3.2.1. Established practices

3.2.1.1. Surgical translocation. Reducing the radiation
dose to the ovary by shielding or removing the ovaries
from the field of radiation (oophoropexy) may preserve
ovarian function [78,79]. Oophoropexy involves laparo-
scopic transposition of the ovaries (with their blood
supply intact) to a position behind the uterus, which
acts as a shield, or to the paracolic gutters, away from
the field of radiation, to minimise exposure. Experi-
mentally, heterotopic ovarian autotransplantation has
involved grafting the ovary to a distant site in the body
and anastomosing blood vessels [78,79]. However, even
where ovarian function is preserved oocyte retrieval
with assisted reproduction and surrogacy may be
required to achieve a pregnancy as the uterus may also
have been damaged by the radiation therapy and this
may compromise the ability of women to carry a preg-
nancy to term.

3.2.1.2. Storage of embryos or mature oocytes. The only
strategy currently available for preservation of female
fertility is cryopreservation of embryos. Embryo cryo-
preservation and IVF, with partner or donor sperm, is a
well established technique routinely offered to women
before treatment for cancer, with a success rate of
12.2% per cycle [80]. Cryopreservation of oocytes is an
alternative possibility for women without a partner, but
is much less successful, with fewer than one baby born
per 100 oocytes stored so this remains an experimental
technique at present [81]. The main disadvantage of
embryo or mature oocyte storage is the requirement for
superovulation with gonadotrophins which inevitably
delays the start of cancer therapy.

3.2.2. Experimental strategies

3.2.2.1. Gonadotrophin suppression. Suppression of the
hypothalamic—pituitary—ovarian axis during cancer
therapy appears to reduce follicular cytotoxicity and
decrease the risk of premature ovarian failure. A num-
ber of studies have demonstrated that gonadotrophin
analogues (GnRH-a) inhibit chemotherapy-induced
ovarian follicular depletion in rodents. The exact
mechanism is uncertain, but may involve direct sup-
pression of GnRH receptors in the ovary, with sub-
sequent inhibition of recruitment of small follicles into
the proliferating pool as well as atresia of the already-
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developed follicles. Applicability in the human is uncer-
tain, particularly as the human ovary has significantly
fewer numbers of GnRH receptors in the ovary [82]. In
rhesus monkeys GnRH-a cotreatment protected against
cyclophosphamide-induced ovarian damage by sig-
nificantly reducing follicular decline compared with
cyclophosphamide alone [82]. Clinical studies have
demonstrated that cotreatment of GnRH-a with
chemotherapy resulted in premature ovarian failure
(POF) in one out of 28 (3.6%) compared with 26 out of
40 (65%) in the group treated with chemotherapy alone
[83]. Adjuvant treatment with GnRH-a, to limit the
gonadal toxic effects of otherwise successful treatment
regimens, is extremely attractive. However, this approach
must be viewed with some caution as although GnRH-a
provided some protection against cyclophosphamide,
no advantage was conferred against irradiation-induced
damage. This may be partly explained by the different
mechanism of gonadal damage induced by radio-
therapy, namely the destruction of primordial follicles
which are not under the influence of gonadotrophins
[84]. To summarise, the judicious use of GnRH-a may
play a role in the appropriate patient group, such as
young women and children subjected to alkylating
agent-based chemotherapy for Hodgkin’s disease.

3.2.2.2. Prevention of follicle atresia. Oocyte loss
induced by anticancer therapy has been shown to occur
by apoptosis, so inhibition of the apoptotic pathway has
been explored as a mechanism for preventing ovarian
failure. Ceramide is a sphingolipid second messenger
derived both from sphingomyelinase-catalysed hydro-
loysis and de novo synthesis. Ceramide is metabolised
and phosphorylated to give sphingosine-1-phosphate,
which is believed to inhibit apoptosis in somatic cells.
Disruption of the gene encoding acid sphingomyelinase
or treatment with sphingosine-1-phosphate attenuates
apoptosis of primordial fetal oocytes and increases the
number of oocytes present at birth. Treatment of mice
oocytes with sphingosine-1-phosphate prevents chemo-
therapy-induced apoptosis in vitro. In vivo administra-
tion of sphingosine-1-phosphate confers resistance to
radiation-induced apoptosis in mice with pregnancy
rates of 100% [85]. While sphingosine-1-phosphate may
herald promise of a new approach for preserving ovar-
ian function, further studies are necessary to determine
any detrimental effects of such treatment on normal
neurological function, as deletion of sphingomyelinase
during normal fetal life leads to the development of
Niemann-Pick disease-like symptoms in post-fetal life
[85].

3.2.2.3. Harvesting ovarian tissue. Cryopreservation of
ovarian tissue is the only option potentially available for
pre-pubertal children and most young women. Harvest-
ing ovarian tissue may take the form of cryopreserva-

tion of slices of ovarian cortex, which are rich in
primordial follicles, or cryopreservation of immature
oocytes. Good survival rates and viability after thawing
is similar whether primordial follicles are stored as slices
or in isolation. By contrast, poor results are obtained
with immature oocytes [8,9,86].

3.2.3. Future use of ovarian tissue

3.2.3.1. Ovarian tissue transplantation. The harvesting
of ovarian tissue can readily be achieved lapar-
oscopically before potentially sterilising cytotoxic ther-
apy and cryopreserved until required for future use. At
a later date, the ovarian tissue could be reimplanted,
with the hope of restoring natural fertility and also
maintaining sex steroid production. Autologous trans-
plantation of fresh and frozen-thawed primordial folli-
cles into the ovaries of sterile recipients has restored
fertility resulting in live healthy offspring in mice and
sheep [49,87-89]. Human primordial follicles survive
cryopreservation and return of ovarian hormonal activ-
ity has been achieved with reimplantation, but no preg-
nancies have been reported yet and this procedure must
be considered experimental [50,90]. It is likely that the
ovarian grafts will have a limited life-span so trans-
plantation should wait until the woman desires to
become pregnant.

3.2.3.2. In vitro culture. Concern has been voiced that
the reimplanted gonads may act as sanctuary sites for
cancer cells, particularly the haematological malig-
nancies. Fresh and frozen-thawed ovarian tissue from
diseased mice transmitted lymphoma when transplanted
into healthy recipients [91]. The risk of transplanting
tumour cells can be eliminated by maturing the ovarian
follicles in vitro followed by assisted reproduction [91—
97]. Culture of primordial follicles may be achieved by
in vitro culture of ovarian cortical slices, which would
maintain structural integrity and enable interaction
between follicles and surrounding stromal cells. Alter-
natively, primordial follicles could be isolated and cul-
tured, which would have the advantage of allowing
direct monitoring of follicular development. Culture of
primary and primordial follicles to pre-ovulatory and
pre-antral stages, respectively, has been achieved in
mice, with subsequent isolation and maturation of the
secondary follicles and a live offspring produced fol-
lowing IVF in one case [98]. Cultures from enzymati-
cally isolated primary and primordial follicles from
mice, rats and pigs have yielded similar degrees of
development [98,99]. Isolated fresh and frozen—thawed
human primordial follicles have been successfully
maintained in culture for up to 5 days, but no evidence
of growth was observed [9].

3.2.3.3. Xenogeneic transplantation. Heterotopic xeno-
geneic transplantation is one alternative. Studies have
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shown that the renal capsule of immunodeficient mice
can successfully serve as a site for transplantation of
ovarian slices from various species [100,101]. Ovarian
cortical slices from sheep, cats and marmosets have
been transplanted into immunodeficient mice and
developed to late antral stages, providing a model and a
host for follicular development [102]. Studies in which
human ovarian slices have been transplanted into severe
combined immunodeficient (SCID) mice have produced
similar results following administration of follicle sti-
mulating hormone [103].

3.3. Clinical practice for harvesting gonadal tissue

Harvesting and storage of ovarian cortical tissue
from girls and young women before gonadotoxic
chemotherapy has been available in a number of
centres since the mid-1990s and more recently, a few
centres report the storage of testicular tissue [104]. The
Royal College of Obstetricians and Gynaecologists has
provided a report from a working party on the storage
of ovarian and prepubertal testicular tissue. This pro-
vides standards for ‘best practice’ in the cryopreserva-
tion of gonadal tissue, including the criteria for
providing a service, patient identification and selection,
standard operating procedures and for storage condi-
tions [105].

4. Progeny

Overall, there are reassuring reports that there is no
increased incidence of either congenital abnormalities or
childhood malignancy in children born to long-term
survivors of childhood cancer [106,107]. However, these
successful pregnancies mostly result from normally-
achieved conception. We do not know the consequences
of circumventing the natural selection processes of nor-
mal sexual reproduction using assisted reproduction
techniques (ART), nor the effects of ART on the com-
plex cascade of precisely timed molecular interactions
during early embryonic development.

4.1. Paternal risks to offspring

There is at least the hypothetical possibility of injec-
tion of abnormal spermatozoa or immature spermato-
genic cells carrying abnormal genomic DNA with the
potential to increase congenital and other abnormalities
amongst offspring [108]. Studies in animals have shown
that exposure of the male germ line to chemotherapy
agents may disrupt spermatozoal DNA and result in
deleterious effects on embryo development [109,110]. It
has become clear that men from subfertility clinic
populations, with abnormalities of the conventional
criteria of semen quality, also demonstrate elevated

levels of damage to the genomic DNA in their gametes.
Even amongst normal populations, sperm chromatin
damage has been linked with impaired fecundity [111].
It has been shown that sperm DNA damage does not
preclude pronucleus formation at ICSI, and that
abnormal DNA within the male gamete is detectable in
the early embryo [112].

Thus far, evidence on the safety of ICSI has been lar-
gely based upon its use in populations of men with def-
icits in spermatogenesis unrelated to potentially
mutagenic cancer treatment. The evidence concerning
health risks to the offspring has been broadly reassur-
ing, although it is limited by the relatively short follow-
up so far [113]. Although, by conventional criteria,
semen quality is frequently abnormal in long-term sur-
vivors of childhood cancer, the sperm produced do not
appear to carry a greater burden of damaged DNA
[114]. This observation goes some way to providing
reassurance about the use of ICSI, which will circum-
vent the problems associated with severe oligozoos-
permia and asthenozoospermia, and offer cancer
survivors the possibility of paternity in adulthood.

As ARTs advance successful pregnancies are
achieved with immature spermatogenic cells adding a
further unquantified risk to the fetus. Fertilisation of
oocytes with immature spermatogenic cells, such as
round cells and elongated spermatids, which have not
yet completed spermatogenesis, must be pursued with
caution. The mechanism by which sperm precursor
cells activate the oocyte at fertilisation is uncertain, but
suboptimal oocyte activation may confer poor fertili-
sation, implantation and high early abortion rates
[115]. Spermatid transition into spermatozoa is char-
acterised by salient changes in nuclear protein compo-
sition and the significance of circumventing these
changes is uncertain [116]. Genetic imprinting is repor-
ted to play an important role in embryogenesis and in
processes leading to the development of paediatric
cancers, including Wilms® tumour and embryonal
rhabdomyosarcoma, and other human diseases [117].
Although the detailed mechanism of this process is still
unclear, it is likely to involve differences in DNA
methylation and requires careful consideration when
embarking on germ cell maturation. Children born
following assisted conception using spermatozoa and
immature spermatogenic cells require careful long-term
monitoring [118§].

4.2. Maternal risk to the offspring

As with males, there is the theoretical risk that expo-
sure to chemotherapeutic agents and irradiation may
cause mutations and DNA changes to the oocyte. Ani-
mal studies have demonstrated high abortion and mal-
formation rates related to different stages of oocyte
maturation at the time of exposure to chemotherapy
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[43,119]. The use of assisted reproduction techniques
and embryo cryopreservation in patients previously
exposed to cancer therapy has caused concern but
studies of pregnancy outcome in cancer survivors
have not substantiated these worries. There is no
increased incidence of chromosomal or congenital
abnormalities in offspring born to women exposed to
cancer therapy [43,119] (see key points for a summary of
this review).

5. Conclusions

As treatment for childhood cancer has become
increasingly successful, adverse effects on reproductive
function now assumes great importance. All young
patients at high risk of infertility should be identified at
diagnosis. Limitation of radiation exposure, by shield-
ing of the testes and ovaries, should be practiced where
possible and sperm banking should be offered to all
sexually mature boys at risk of infertility. The rapidly-
advancing experimental techniques for harvesting of
gonadal tissue must be considered and appropriately
used although without unrealistic expectations for these
vulnerable patients. Within the next decade, in vitro
maturation of immature gametes is likely to be a realis-
tic possibility for fertility preservation.

6. Key points

e Successful treatment of childhood cancer may be
associated with impaired gonadal function in
adulthood.

e Radiation and chemotherapy may damage the
testis at all ages.

e Females are less susceptible than males to
damage by chemotherapy.

e Total body, abdominal or pelvic irradiation may
cause ovarian and uterine damage and the degree
of impairment is related to the radiation dose,
fractionation schedule and age at time of treat-
ment.

e Cryopreservation of spermatozoa in males and
embryos in females is the only available option
for preserving reproductive function. All other
strategies remain experimental.

e Best practice for the cryopreservation of gonadal
tissue, including criteria for providing a service,
patient identification and selection, standard
operating procedures and requirements for safe
storage must be established.

e Concerns that the offspring of patients success-
fully treated for cancer might have an increased
risk of congenital abnormalities and childhood
cancer have not been substantiated.
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