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• Pathogenic variants in human pyruvate
dehydrogenase E1 subunit alpha 2
(PDHA2) gene have been identified in
NOA patients

• Pdha2-KO mice exhibit meiotic arrest
due to impaired pyruvate
dehydrogenase (PDH) complex
structure. Pdha2 encodes the testis-
specific E1α subunit of the PDH
complex, and its mRNA expression
peaks in pachytene spermatocytes.
LNP injection into the rete testis
enabled efficient Pdha2 mRNA delivery
to both male germ cells and Sertoli
cells.

• LNP-mediated delivery of Pdha2 mRNA 
enabled the resumption and 
completion of meiosis, restored sperm 
production, and facilitated the 
generation of healthy fertile offspring 
via ICSI. 

• Whole-genome sequencing of the 
offspring confirmed the absence of 
large-scale genomic abnormalities.

• LNP-mediated mRNA delivery opens a 
new era for the treatment of male 
infertility in the clinic.



MutS Homolog 5(Msh5) genetic variant is associated with 
meiotic arrest and NOA in mice and in men.
Maps KO mice display complete spermatogenic arrest at the 
spematocyte stage
In vivo delivery of Pool1-LNP3 encapsulating Msh5 mRNA could
promote crossover formation and restore spermatogenesis in 
Msh5D486Y/D486Y mouse models.
The ICSI offspring were healthy.
Maps mRNA-LNP3 recovered spermatogenesis in Maps KO 
mouse with meiotic arrest.



Spermatogenesis 
restoration in idiopathic 
NOA – is it feasible?



human embryonic stem 
cells (hESCs) derived from 

the inner cell mass of 
surplus blastocyst embryos

eventual clinical 
applications are ethically 

controversial and limited by 
potential immunogenic 

concerns

human-induced pluripotent 
stem cells (hiPSCs)

incomplete reconstitution 
of the epigenetic 

reprogramming, with 
persistent residual somatic 

signatures

hold the potential to 
resume differentiation into 

all cellular lineages

Patient-specific hiPSCs can 
potentially be derived from 
any adult somatic cell type

Macedo and Alves-Lopes, Hum Reprod Update 2025 10.1093/humupd/dmaf029 



• In mice, the generation of fertile offspring from induced pluripotent 
stem cells-derived gametes was achieved over a decade ago

Primordial germ cell-like cells (PGCLCs) in mice with robust capacity 
for spermatogenesis.
PGCLCs were generated from embryonic stem cells (ESCs) and 
induced pluripotent stem cells (iPSCs) through epiblast-like cells 
(EpiLCs), a cellular state highly similar to pregastrulating epiblasts 
but distinct from epiblast stem cells.
PGCLCs were transplanted into seminiferous tubules (STs) of 
neonatal W/W mice lacking endogenous spermatogenesis through 
the efferent ducts 
STs were isolated from the recipient testis at 8-10 weeks after 
transplantation and dissected to retrieve sperm, then used for ICSI



Xenotransplantation (monkey to mouse) and homologous transplantation 
(monkey to monkey) to validate an in vitro protocol for differentiating male rhesus 
macaque PGCLCs (rPGCLCs) from induced pluripotent stem cells (riPSCs). 
Immature rPGCLCs once transplanted into an adult gonadal niche commit to 
differentiate towards late rPGCs that initiate epigenetic reprogramming but do 
not complete the conversion into ENO2-positive spermatogonia.



What about humans?

Macedo and Alves-Lopes, Hum Reprod Update 2025 10.1093/humupd/dmaf029 

• At present, attempts at maturating patient germ cells beyond the 
human primordial germ cell-like cells state remain limited



These germ cells expressed DAZL and DDX4 and reached levels of DNA methylation close to 10%, 
mostly resembling embryonic mitotic gonocytes observed from Week 7 onwards 

These germ cells showed similar evidence of DAZL and DDX4 expression and an overall 
transcriptomic signature resembling mitotic pro- spermatogonia. However most testicular 
tubular-like structures disaggregated by Day 80

some cells expressed DAZL and DDX4 and progressively lowered genomic methylation markers after 

25 days in culture

a medium supplemented with SCF, forskolin, and FGF2 robustly propagates hPGCLCs for 30days 
on mouse feeder cells 



Significant biological and methodological barriers remain before IVG from mouse models can be translated to humans 
These challenges include:
1) low efficiency
2) genetic and epigenetic abnormalities
3) chromosomal errors in in vitro-derived gametes
4) incomplete or improper imprinting
5) the need for human gonadal somatic cells to be used as a matrix for proper gamete development
Key biological safety concerns include:

1) the risk of genetic and epigenetic abnormalities, incomplete or improper imprinting, and mutations arising during 
reprogramming or differentiation. These abnormalities may not be immediately apparent, necessitating long-term 
follow-up of offspring for developmental, metabolic, and reproductive outcomes. 

2) preclinical models must evaluate the risk of tumorigenicity, especially when using iPSCs, which have inherent risks 
of reversion or uncontrolled growth 



Monoclonal anti-
human FSH antibodies  
A promising tool for non-hormonal stimulation of spermatogenesis?



2015 Sep;4(3):R46-58

Spontaneous pregnancies ART pregnancies

From 10 to 18 infertile men
should be treated to achieve one additional 
pregnancy…







• Equine CG (eCG), which binds only to LH receptor in equines but exhibits dual FSH- and LH-like activity in other 
species, is used to induce ovulation in livestock such as ewes, goats, cows, and sows, but it’s highly 
immunogenic.

• Interestingly, these anti-eCG Abs exhibit different types of modulating activity: whereas most females develop 
anti-eCG Abs that decrease fertility, some females develop anti-eCG Abs resulting in enhanced fertility, reaching a 
100% birth rate, sometimes with hyperprolificity

• Enhancing anti-eCG Abs collected from goat plasma were purified and their action in combination with eCG on 
the FSH-R downstream signaling studied in vitro; compared to eCG alone, the enhancing complexes activate 
protein kinase A and betaarrestin pathways and increase extracellular signal regulated kinase phosphorylation in 
HEK293 cells expressing the FSH-R

• To develop a monoclonal antihuman-FSH enhancing mAb a mouse was immunized against rhFSH. The activity of 
antibodies secreted by the generated clones was compared based on in vitro FSH bioassays using bovine 
granulosa cells prepared from ovaries collected from a local slaughterhouse or HEK293 cells expressing FSH-R
and on male mouse Leydig tumor cells (mLTC-1) expressing LH/CG-R



Activity of CF12 mAb in vitro on gonadotropins
• The effect of CF12 mAb on FSH and its receptor was shown by examining cAMP production in 

HEK293 cells overexpressing hFSH-R stimulated with increasing doses of rhFSH alone

• mLTC-1 expressing endogenous LH/CG-R were stimulated with increasing doses of either 
rhLH or hCG, then CF12mAB was added and cAMP production was assessed.



Exploration of CF12 mAb effect on
spermatogenesis in hypogonadal adult rats
• Inhibition of endogenous gonadotropin secretion in Wistar Han 

rats with a long-acting GnRH antagonist created an azoospermic 
adult rat model



In vivo effect of CF12 mAb administration on
ovulation induction in adult ewes
• CF12 mAB ovulation rate (laparoscopy): 100%
• pFSH ovulation rate (laparoscopy): 36%



Conclusions

• CF12 mAb combined with rhFSH enhances in vitro FSH-R-mediated 
intracellular cAMP production, achieving the same effect as rhFSH alone but 
with a five-fold lower dose of rhFSH, and increasing the maximal effect by 
40%

• A similar five-fold enhancing effect was observed on LH/CG-R mediated 
intracellular cAMP production with rhLH or hCG, although the maximal effect 
remained unchanged

• CF12 mAb potentiates endogenous hormones (ewes) by potentially
enhancing the bioactivity of gonadotropins produced naturally

• It is hoped that this potentiating antibody could represent a significant 
advance in reproductive medicine, enabling improvements in the treatment 
of infertility:

oA) less frequent injections
oB) broaden the range of infertility care strategies



• The mature spermatozoon delivers a compact but potent information suite, comprising DNA methylation, retained histones, 
small non-coding RNAs and mitochondrial RNAs. These molecules are sensitive to the paternal metabolic state and, in mouse 
models, have been shown to influence offspring metabolism, suggesting a regulated, non-genetic form of mitochondrion–nucleus  
crosstalk at fertilization

• although reprogramming is extensive, it is strategically incomplete. Key genomic regions, particularly those that harbour imprinted 
genes and developmental regulators, resist erasure, enabling parent-of-origin epigenetic information to persist through 
embryogenesis

• The epididymis acts not just as a conduit, but as a dynamic signalling environment, in which epididymosomes (extracellular 
vesicles) post-testicularly remodel the RNA cargo of the sperm. Furthermore, organelle-to-epigenome signalling emerges as a key 
pathway

• A hopeful corollary of the responsiveness of sperm is their potential malleability. Research highlights the epididymal phase as a 
key window during which sperm RNA profiles are susceptible to environmental inputs. This window provides a potentially 
actionable preconception window: dietary interventions, heat-stress mitigation or reduced  toxicant exposure could recalibrate 
sperm epigenetics before conception

• Sustained lifestyle modifications hold promise for positive reshaping. Thus, preconception health becomes a shared, modifiable 
responsibility



Epigenetic changes persisted over multiple generations of 
ancestral exposure rather than disappearing. Epigenetic 
changes persisting for 10 generations challenge views of 
epigenetic alterations being erased or reset at each 
generation





In sperm from DDT-exposed Indigenous
Greenlandic and South Africanmen, H3K4me3 enrichment was 
altered in a dose-like response at young transposable elements, 
neurodevelopmental genes, and putative embryonic enhancers

Environ Health Perspect. 2024; 132: 17008

Children born in DDT-exposed populations 
exhibit higher rates of attention deficit and 
hyperactivity disorders, autism and 
neurodevelopmental delays

Am. J. Psychiatry 2018; 175: 1094–1101
Mol. Autism 2020; 11: 69 
Environ. Health Perspect 2009; 117: 1359–1367
Environ. Health Perspectm2018; 126: 047004 

Sperm of fathers of children with 
autism showed 805 DMR compared
to sperm of fathers of healthy
children. 
Of 805, 303 were hypermethylated 
and  502 were hypomethylated

Clin Epigenet 2021; 13:6

Possible link between ancestral exposure and 
neurodevelopmental disorders in offspring and grand offspring









• Even robust proof of transmission of DNA methylation and / 
or chromatin states from sperm to the embryo is insufficient 
to provide causal links to alterations in embryonic gene 
expression at single-locus resolution. 

• Little is known regarding how certain marks in sperm may 
promote splicing variants, alternative promoters, and 
enhancer-specific transcription, in the embryo. 

• It remains unclear how specific levels of change in DNA 
methylation and histone modifications alter post-fertilization
gene expression



HISTORICAL INATTENTION TO MALE REPRODUCTIVE HEALTH 

“There are few research dollars for those who want to study male reproductive health”

“Nevertheless, there are exciting developments in this field, including research that is starting to fill in crucial details 
about the relationship between male bodily health, sperm, and risks to offspring”

“The gap in knowledge about male fertility is not natural or inevitable. Based on my historical research, I argue that it 

can be traced back to the earliest days of medical specialization, when doctors positioned the male body as a neutral 
medical “standard” and the female body as “reproductive”—leaving us with a “missing science” of male reproductive 
health”
“In part, this is the result of a cultural belief that sex is binary: traditional views of male and female as distinct and 
even “opposite” categories meant that since female bodies were defined as reproductive, male bodies were defined
as not reproductive”.

“The topic of male reproductive health continues to hover around the edges of multiple specialties, including urology 
and endocrinology, without serving as the focus of any one in particular” 



Conclusions

Research in the field of male infertility is
making significant efforts to introduce 
innovations in both diagnostics and 
therapy

Unfortunately, at present it is premature 
to translate these findings into clinical 
practice

The future of male reproductive science 
will look brighter when greater attention
(and funding) will be dedicated to male 
reproductive health 
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