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Comparison of ART outcomes in men with altered
mRNA protamine 1/protamine 2 ratio undergoing
intracytoplasmic sperm injection with ejaculated

and testicular spermatozoa

Jonas Sarasa®’, Maria Enciso"’, Laura Garcia?, Andrea Leza?, Klaus Steger?, Jon Aizpurua?

Assisted reproductive technologies involving the use of spermatozoa and eggs for in vitro fertilization (IVF) have come as the
solution for many infertile couples to become parents. However, in some cases, the use of ejaculated spermatozoa delivers poor
IVF performance. Some studies have suggested the use of testicular spermatozoa in severe male infertility cases, but no guidelines
regarding their utilization are currently available. In the present study, we found the mRNA protamine 1/protamine 2 (P1/P2) ratio
to be a valuable biomarker of poor sperm function that could be used as a diagnostic key for the identification of cases that would
benefit from the use of testicular spermatozoa. A total of 23 couples undergoing egg donation cycles with at least one previous cycle
failure were studied. All couples underwent two consecutive intracytoplasmic sperm injection (ICSI) cycles with either ejaculated or
testicular spermatozoa (TESA). The sperm mRNA P1/P2 ratio, fertilization rate, blastocyst rate, and pregnancy and live birth rate
were compared. Results showed improved ICSI and clinical outcomes in cycles with testicular spermatozoa in men with altered
mRNA P1/P2 ratios. TESA cycles presented significantly higher rates of fertilization (mean =+ standard deviation: 76.1% = 15.1%
vs 65.5% = 18.8%), blastocyst formation (55.0% %= 20.3% vs 30.8% = 23.8%), and good morphological quality blastocyst
(28.9% % 22.9% vs 13.5% = 17.9%) and also improvements on pregnancy (60.9% vs 0%) and healthy birth rates (56.5% vs 0%)
than EJACULATE cycles. The results described here suggest that in patients with previous IVF/ICSI failures and aberrant mRNA

protamine ratios, the use of testicular spermatozoa may be a good alternative to improve clinical outcomes.
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INTRODUCTION

For successful mammalian fertilization and adequate embryo
development, fusion of spermatozoon and oocyte must be followed
by a cascade of reactions including DNA repair, oocyte metabolic
activation, and microtubule assembly for the formation of the mitotic
spindle.* Fertilization failure or defective preimplantation embryo
development may be due to compromised quality of either the oocyte
or the spermatozoon.’

With regard to sperm quality, some studies have shown, on the
one hand, that embryo development and implantation depend in part
on sperm DNA integrity,* and on the other hand, that production of
competent spermatozoa requires correct replacement of DNA-binding
histones by sperm-specific nucleoproteins called protamines.® For this
reason, these parameters have been proposed as suitable biomarkers
for assessing male fertility potential.® Sperm DNA fragmentation is
a more popular biomarker than sperm nucleoprotein analysis. The
analysis of sperm DNA integrity has been incorporated slowly by
in vitro fertilization (IVF) centers worldwide as part of their standard

spermiogram.” The study of protamines is, however, hardly considered
as a routine parameter for sperm quality assessment.

Sperm protamines are small arginine-rich nuclear proteins that
allow denser packaging of DNA in the spermatozoon than do histones.
The main role of this kind of proteins is preserving DNA integrity
in the sperm head by preventing harmful attacks from exogenous
or endogenous agents.*® A regulatory role for sperm chromatin
structure has also been proposed.’®’ Human spermatozoa express
two types of protamines: P1 and P2, and both of them are essential
for sperm function. The relative proportion of P1 to P2 is regulated
at approximately 1:1 ratio at both mRNA and protein levels.'>"?
Alterations in this protamine ratio are rare in fertile men, but common
in infertile men® and have been related to poor sperm quality, increased
DNA damage, and decreased fertility.'*'* Some authors have proposed
that the analysis of protamine content in sperm could be used as a
biomarker for male infertility diagnosis in the clinical setting.'*'6

Ejaculated spermatozoa that have completed their maturation
during passage through the male reproductive tract usually have better
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fertilization potential than testicular spermatozoa.”” However, the use of
spermatozoa isolated from testicular tissue has been proposed in some
severe male factor infertility cases. Studies have reported improved
embryo and pregnancy rates'®'” and no negative effects on the health
of the offspring from the use of testicular spermatozoa compared with
those from the use of ejaculated spermatozoa.?**! These results can be
related to the fact that testicular spermatozoa exhibit lower levels of
DNA damage.”? The explanation behind these findings may be that
spermatozoa are susceptible to damage during their transit through
the male reproductive tract.”® Currently, no guidelines or protocols
have been proposed regarding the utilization of testicular spermatozoa
in severe male factor infertility cases where ejaculated spermatozoa
are available but have shown poor IVF or intracytoplasmic sperm
injection (ICSI) performance. Some studies have suggested the use of
testicular spermatozoa in cases of elevated sperm DNA fragmentation
(SDF).?>?*% However, the number of studies addressing this issue is
limited.

There is a need to look for new biomarkers of poor sperm function
that could serve as diagnostic keys for the identification of cases
that would benefit from the use of testicular instead of ejaculated
spermatozoa. In the present study, we propose that the mRNA
P1/P2 ratio could be used as a valuable indicator of sperm maturity
and fertilization ability identifying specific cases that could benefit from
the use of testicular spermatozoa in assisted reproductive technology
(ART). Here, we evaluate whether the use of testicular spermatozoa
improves ART outcomes in patients with previously failed ART egg
donation cycles with ejaculated spermatozoa with altered mRNA
P1/P2 ratios.

PATIENTS AND METHODS
Patient selection
This unicentric, observational, and retrospective study included the
review of records of patients seeking treatment at the IVF center, IVF-
Spain (Alicante, Spain), between January 2014 and February 2016.
The study group comprised a total of 23 subfertile couples
undergoing egg donation for assisted reproduction treatment.
All couples included in the study had (i) infertility duration
>1 year; (ii) no female factor infertility with no uterine pathology;
(iii) experienced at least one previous egg donation cycle at our center
with poor or null blastocyst rate and no pregnancy; (iv) presented no
evidence of subclinical genital infections or leukocytospermia; and
(v) presented an abnormal sperm mRNA P1/P2 ratio. A comprehensive
sperm quality assessment (including mRNA P1/P2 ratio) is performed
at our center when a poor or null blastocyst rate is observed and no
pregnancy is achieved. The study was approved by the IVF-Spain
Institutional Review Board. Signed informed consent for the use of
gametes in research was obtained from all patients.

Study design

All couples were subjected to two consecutive ICSI cycles using, in
the first one, ejaculated spermatozoa (EJACULATE-cycle group)
and, in the second, testicular spermatozoa (TESA-cycle group).
Preimplantation development and clinical outcomes of both types of
cycle were compared.

Semen sample collection and preparation

Ejaculates were obtained by on-site masturbation after 1-2 days of
sexual abstinence. After liquefaction, specimens were processed
and assessed for semen volume, sperm count, motility, vitality,
morphology, and leukocytes following the current World Health
Organization laboratory manual guidelines.” The sperm mRNA
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P1/P2 ratio was analyzed in all cases. For this purpose, 1 ml aliquots
of ejaculated sperm samples were preserved in RNAlater™ solution
(Ambion, Heppenheim, Germany) and stored in liquid nitrogen until
further processing.

Protamine mRNA ratio analysis

The protamine mRNA ratio was evaluated by quantitative reverse
transcription polymerase chain reaction (RT-qPCR) following the
protocol previously described by Rogenhofer et al.* Briefly, RNA
extraction was conducted with Rneasy Mini Kit and Rneasy Plus
Micro Kit (Qiagen, Hilden, Germany), cDNA synthesis was performed
with Omniscript™ according to the manufacturer’s protocol (Qiagen),
and protamine 1 and 2 gene expression analysis was performed by
real-time RT-qPCR using iQ™ SYBR Green SuperMix and iCycler
(BioRad, Munich, Germany).

Testicular sperm retrieval: TESA

Retrievals were performed by standard testicular sperm aspiration
(TESA) under local anesthesia. The extracted testicular tissue was
flushed into a Petri dish containing culture medium (MHM® with
Gentamicin, Irvine Scientific, Santa Ana, CA, USA). Subsequently, to
ensure seminiferous wall breakdown, cellular content loss, and sperm
extraction, the seminiferous tubules were mechanically minced with
fine gauge needles attached to syringes. The presence of flagellated
spermatozoa was defined as successful retrieval for sperm injections.

Assisted reproductive technology procedures
Controlled ovarian stimulation of donors was performed with
an antagonist protocol. Ovarian stimulation was initiated with
150-300 U day™' recombinant follicle-stimulating hormone
(rec-FSH; Puregon®; Merck and Co., Inc., Whitehouse Station, NJ,
USA/Elonva®; Merck and Co., Inc.) or u-FSH (Fostipur; IBSA, Lodi,
Italy) 5 days after stopping contraceptive pills, and gonadotropin-
releasing hormone (GnRH) antagonist (ganirelix; Orgalutran®; Merck
and Co., Inc.) for pituitary suppression was introduced according to
a multiple-dose protocol (0.25 mg day') when the leading follicle
of 15 mm or estradiol concentrations of 800 pg ml™' were reached.
Daily dosages were adjusted, according to individual ovarian
responses, as monitored by vaginal ultrasound scans and serum
concentrations of estradiol and progesterone from the third/fifth day
of stimulation. Triggering was performed with 0.4 mg of leuprolide
acetate subcutaneous (Procrin®; Abbot Laboratories, Madrid, Spain),
when at least 1 follicle >20 mm was present. Oocytes were retrieved
by transvaginal ultrasound-guided aspiration at the 36" h following
leuprolide acetate.

All mature oocytes (metaphase II) were inseminated via ICSI
4 h after ovum pick-up. Fertilization was assessed after 16-18 h
postinsemination and it was considered normal when two clearly
distinct pronuclei containing nucleoli were present. Embryos were
cultured routinely up to the blastocyst stage. Transfers of the best
morphologically available blastocysts were performed in all cases.
Embryo selection for transfer was based on blastocyst maturity,
trophectoderm, and inner cell mass (ICM) differentiation, according to
Gardner and Schoolcraft.” Embryo transfer was guided by transvaginal
ultrasound.

Preimplantation development outcomes

Regarding preimplantation embryo development, the main outcome
measures were: (i) fertilization rate (FERT), defined as the percentage of
oocytes fertilized of the microinjected oocytes; (ii) blastocyst formation
rate (BT), defined as the percentage of embryos that reached the



blastocyst stage; and (iii) good-quality blastocyst rate (GQBT), defined
as the percentage of blastocysts classified as A-B quality according to
Gardner criteria of the total number of blastocysts (27).

Clinical outcomes

The following clinical outcome measures per cycle were studied in both
groups (EJACULATE-cycle and TESA-cycle groups): (i) beta-human
chorionic gonadotropin (B-hCG)-positive pregnancy rate (BR),
determined by a B-hCG positive result; (ii) clinical pregnancy rate
(CLI), determined by the visualization of a gestational sac with an
embryo showing cardiac activity on ultrasound at weeks 5-7; and
(iii) live birth rate (LB), determined by the live birth of a healthy baby.

Statistical analyses

Data were analyzed using the IBM SPSS Statistics version 20 software
(IBM Corporation, Armonk, NY, USA). Comparisons of fertilization,
blastocyst formation, and good-quality blastocyst rates between
EJACULATE-cycle and TESA-cycle groups were performed with paired
Student’s t-test or Wilcoxon signed-rank test as appropriate; P < 0.05
was considered statistically significant.

RESULTS

A total of 23 patients from our egg donation program who had
experienced at least one previous cycle failure (with poor or null
blastocyst rate observed, and no pregnancy achieved) at our center
were included in this study. The age (mean * standard deviation [s.d.])
of male and female partners was 46.9 + 6.6 years and 43.6 + 4.3 years,
respectively.

All patients underwent a first cycle where ejaculated spermatozoa
were used for fertilization. All first cycles resulted in a negative result,
with either no transfer or implantation failure. Then, a second cycle
using testicular spermatozoa obtained through TESA was performed
in all 23 cases.

Comprehensive sperm analysis including sperm protamine
gene expression evaluation (mRNA P1/P2 ratio) confirmed altered
transcription levels in all ejaculated samples (Table 1). The normal
relative proportion of P1 to P2 in human spermatozoa is regulated
at approximately a 1:1 ratio.' mRNA P1/P2 ratio reference range for
normality is established from 0.85 to 1.30. mRNA P1/P2 ratios either
below 0.85 or above 1.30 have been associated with male infertility.*
In our study, overall, 16 out of 23 samples presented an altered mRNA
protamine ratio below the lower end range (<0.85) and 7 out of
23 presented an mRNA P1/P2 ratio above the upper end range (>1.30).

The presence of these mRNA P1/P2 ratio alterations together
with failure in the first cycle with ejaculated spermatozoa directed the
consideration of the performance of TESA. TESA was performed in
all 23 patients included in the study. The sperm retrieval success rate
after the procedure was 100%.

When comparing the influence of the use of ejaculated versus
testicular spermatozoa in preimplantation embryo development
parameters, there was a significant improvement in fertilization rates
when testicular spermatozoa were used compared with ejaculated
spermatozoa (paired Student’s ¢-test, P = 0.018; Figure 1).

The use of testicular spermatozoa was also associated with a
significantly higher blastocyst formation rate (paired Student’s
t-test, P < 0.001). Interestingly, not only the frequency of blastocysts,
produced as a result of the fertilization of oocytes with testicular
sperm, was significantly higher, but the morphological quality of the
blastocysts produced was also significantly better, with more than 2-fold
good-quality blastocysts in the TESA-cycle group compared to the
EJACULATE-cycle group (Wilcoxonsigned-ranktest, P=0.018; Figure 1).
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Table 1: Age, conventional sperm parameter diagnosis, and mRNA
protamine 1/protamine 2 ratio in the group of patients studied

Patient Age WHO conventional sperm mRNA
ID (year) parameter diagnosis P1/P2 ratio
1 49 N 0.58
2 40 N 0.64
3 54 OAT 0.22
4 49 N 0.37
5 42 N 2.05
6 42 OA 2.41
7 41 OA 0.61
8 41 A 0.08
9 40 OA 0.82
10 51 OA 1.69
11 44 OA 1.50
12 44 N 0.34
13 68 0 0.36
14 54 A 0.50
15 51 0 0.25
16 49 OA 0.30
17 46 OAT 0.25
18 41 N 4.70
19 48 OAT 0.80
20 41 N 1.37
21 53 A 1.40
22 43 T 0.68
23 48 N 0.75

A: asthenozoospermia; N: normozoospermia; T: teratozoospermia; O: oligozoospermia;
OA: oligoasthenozoospermia; OAT: oligoasthenoteratozoospermia; P1/P2: protamine
1/protamine 2

When comparing the influence of the use of ejaculated
versus testicular spermatozoa on ART clinical outcomes, a higher
B-hCG positive pregnancy rate was observed in the TESA cycles
compared to the EJACULATE cycles (87.0% vs 43.5%). A significantly
higher clinical pregnancy and live birth rate was also confirmed in the
TESA-cycle group (60.9% vs 0%; and 56.5% vs 0%).

DISCUSSION

In this study, we provide the first evidence for the successful use of
testicular spermatozoa for ICSI in cases of patients with an abnormal
sperm mRNA P1/P2 ratio. We demonstrated a significant increase
of ICSI outcomes with testicular spermatozoa regarding fertilization
and good-quality blastocyst formation as well as an improvement in
pregnancy and live birth rates. Our findings are in line with data from a
number of previous original studies that have reported the effectiveness
of ICSI with testicular compared with ejaculated spermatozoa in
men with different causes of infertility. Kahraman et al.*® assessed the
efficacy of ICSI with testicular and ejaculated spermatozoa in 24 couples
with immotile spermatozoa. In their findings, they reported similar
fertilization rates between sperm sources (53.5% vs 54.5%), but an
increase in clinical pregnancy (57.1% vs 20%) and ongoing pregnancy
rates (6 ongoing vs 0 ongoing pregnancy) in the testicular spermatozoa
group. Moreover, Ben-Ami et al.?? and Weissman et al.*° in their small
studies involving patients with cryptozoospermia (n = 17) and severe
oligoteratoasthenozoospermia (n = 4) whose partners failed to conceive
after repeated ICSI cycles with ejaculated spermatozoa, showed that
the use of testicular spermatozoa was associated with higher delivery
rates than those with ejaculated spermatozoa. In another study, Greco
et al.** analyzed the effect of the use of testicular spermatozoa in 18
couples whose male partners had 215% of ejaculated spermatozoa
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Figure 1: Preimplantation embryo development rates in cycles using ejaculated
spermatozoa (EJACULATE cycle) and testicular sperm cells (TESA cycle).
Significantly higher fertilization, blastocyst, and good-quality blastocyst rates
were obtained in the TESA-cycle group compared with the EJACULATE-cycle
group. Significant differences between EJACULATE-cycle and TESA-cycle
groups are highlighted with an asterisk (*) with paired Student’s t-test/a
pound (*) with Wilcoxon signed-rank test, P < 0.05. Error bars represent the
standard deviation.

with damaged DNA and who had undergone at least two unsuccessful
ICSI attempts with ejaculated spermatozoa. Although they found
similar fertilization rates (74.9% vs 70.8%) and embryo morphology
score (51.1% vs 47.6%) for the treatment attempts with testicular and
ejaculated spermatozoa, respectively, their results showed significantly
higher implantation rates (20.7% vs 1.8%) in ICSI with testicular
spermatozoa. Finally, data from Esteves et al.”* suggest that the use of
testicular spermatozoa are associated with improved ICSI outcomes
in men with oligozoospermia and persistent high sperm DNA
fragmentation levels. No increased risk of congenital malformations
at birth has been detected either when comparing the possible adverse
effects on the health of the offspring depending on the origin of the
sperm (testicular vs ejaculated sperm).*?!

Although the etiology of recurrent development of poor-quality
embryos or unexplained repeated assisted reproduction failures in ICSI
is still unclear, the possibility of the existence of a paternal factor such as
the presence of increased levels of DNA damage, defects in chromatin
packaging, or both should be taken into consideration. Several origins
for DNA fragmentation have been proposed: (i) oxidative stress,
(ii) defective apoptosis, and (iii) abnormal chromatin packaging.**
This third origin for the presence of DNA damage can result in both
DNA fragmentation and abnormal protamine content. During the
replacement of histones by protamines, endogenous nuclease activity
is required to create nicks to provide relief of torsional stress, in order
to facilitate chromatin arrangement.*>** Alteration in the control of this
process could result in the presence of chromatin packaging anomalies
and unrepaired DNA nicks.*! In addition, protamine deficiency can
increase DNA susceptibility to external stress resulting in higher risk
of sperm DNA damage.'***

Sperm chromatin stability depends on the quantity of disulfide
bonds acquired in the process of sperm maturation during epididymal
transit.*>’~ Spermatozoa with incomplete chromatin condensation
are prone to increased DNA damage, as they are more susceptible
to posttesticular assault.’ This most likely represents the underlying
reason that it has been postulated, in some individuals that DNA
fragmentation levels in testicular spermatozoa may be lower than
those in ejaculated spermatozoa.’**** The presence of DNA strand
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breaks resulting from the long sperm journey from production to
ejaculation can be prevented by removing them before their entrance
into the epididymis.*® TESA or testicular sperm extraction (TESE),
therefore, would permit the selection of less damaged spermatozoa.”
A number of studies have shown that these gametes have the potential
to develop into healthy adults. Ogura et al.*’ injected round spermatids,
the first haploid cell type resulting from meiosis, into mouse oocytes
and reported that pups developed normally.

On the other hand, sperm chromatin packaging has been described
to fulfill additional functions beyond DNA protection, such as the
regulation of gene expression.”’ In human sperm chromatin, only a
small portion of the paternal DNA remains bound to histones;* the
vast majority of sperm DNA is coiled into toroids by protamines.*
Among these three types of structures, histone-bound DNA and
matrix attachment regions (MARS) are inherited by the embryo and
are most likely required for proper development. The histone-bound
regions, primarily located at gene promoters in gene families
important for embryo development, are the first to be expressed
after fertilization.””*** Then, 2-4 h after fertilization, protamines are
completely replaced by histones so that the paternal chromatin has the
same accessible chromatin as all other somatic cells.”

Other layers of epigenetic information consist of methylation of
DNA regions. In the case of male gametes, most DNA methylation
modifications observed during spermiogenesis occur mainly in
spermatogonia and spermatocytes in early meiotic phase.** DNA
methylation modifications are almost exclusively completed by the
end of the pachytene spermatocyte stages. This may also be the cause
why testicular spermatozoa have been successful in producing healthy
offspring.

The altered sperm mRNA P1/P2 ratio observed in the group
of patients selected in this study may reflect an abnormal sperm
chromatin packaging. As in our study, Simon and colleagues reported
that an aberrant P1/P2 ratio was associated with low fertilization rate
and poor embryo quality.” A recent study reported that poor sperm
protamination is associated with the development of low-quality
embryos after in vitro fertilization.*® Correct chromatin structure, based
on adequate histone retention and precise protamine incorporation,
serves as a protection layer and also a regulatory mark that contributes
to sperm function and embryo development. Altered protamine-bound
sperm chromatin domain organization may compromise in vitro
fertilization treatment results, causing altered expression of genes
required in the early phases of development. The absence of protamine
“marks” in the chromatin, achieved by the use of testicular spermatozoa,
may help these cells skip the first phase of development where correct
protamine localization is essential, providing better results when this
altered pattern of protamination is absent. Hence, not only infertile
patients with high levels of DNA-damaged spermatozoa but also
patients with altered protamine expression ratio may benefit from the
use of testicular spermatozoa in their ART treatments.

Despite the rapid development of molecular biology techniques,
the evaluation of semen quality in most IVF centers worldwide is
still limited to the analysis of standard parameters such as sperm
concentration, motility, and morphology.” However, when assessing
only these routine parameters, it is not possible to detect alterations
in sperm chromatin organization, such as aberrant protamination
and DNA damage, which are essential parameters for correct sperm
function.*

In summary, the results described here are very encouraging
and suggest that the use of testicular spermatozoa from patients
with previous failures after ICSI with ejaculated spermatozoa with



aberrant mRNA protamine ratio, could significantly improve clinical
outcomes. These observations suggest that owing to the critical roles
played by protamines in sperm maturation and function, alterations
in protamine expression could be a significant cause of unexplained
male infertility and, for this reason, protamine mRNA ratio represents
an excellent marker to analyze sperm quality in addition to standard
semen parameters. Basic research studies directed to understand the
role of protamines in sperm function and embryo development are
needed. In addition, further nonselection studies are desirable to
confirm clinical utility of this parameter.
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