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Abstract

Background: In contemporary gene therapy research, recombinant adeno-associated virus (rAAV) has emerged as a pivotal delivery
vehicle due to its favorable safety profile and capacity for sustained transgene expression. The most commonly utilized rAAV variants are
hybrid vectors constructed by packaging the AAV2 genomewithin the capsid proteins of alternative serotypes (e.g., AAV1, AAV5, AAV8,
or AAV9). This chimeric design combines the stable genomic integration and long-term expression characteristics inherent to AAV2
with the distinct tissue tropisms conferred by different capsid serotypes. Consequently, these engineered rAAVs exhibit enhanced organ-
targeting specificity, enabling more efficient and selective gene delivery to desired tissues while minimizing off-target effects. Methods:
To identify the optimal hybrid vector for germ cell-directed gene delivery in mice, ten distinct chimeric AAV variants were generated by
pseudotyping the AAV2 genome with diverse capsid proteins, followed by microinjection into seminiferous tubules via the efferent ducts.
Transduction efficiency was comparatively evaluated at 4 weeks post-injection. Results: We demonstrated that AAV2/9 mediated robust
and widespread enhanced green fluorescent protein (EGFP) expression in the mouse testis. Through immunofluorescence assays, we
demonstrated that AAV2/9 demonstrated the capability to express in nearly all testicular cells, with remarkable efficiency and durability.
Conclusions: AAV2/9 demonstrated superior efficacy as a gene delivery vector for murine testicular germ cells without observable
adverse effects on testicular development or spermatogenesis. This favorable safety profile, combined with high transduction efficiency
establishes AAV2/9 as a promising candidate for therapeutic gene transfer to testicular germ cells. Collectively, our study identifies
AAV2/9 as a premier vector for germ cell-directed gene therapy, providing crucial preclinical evidence to inform capsid selection for
treating male infertility.
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1. Introduction

The advent of genome editing technologies has un-
locked the potential to directly target and modify genomic
sequences across nearly all eukaryotic cells. Genome edit-
ing technologies have significantly advanced genetic dis-
ease research and driven the development of precise cellu-
lar and animal models, with broad applications in funda-
mental research, biotechnology, and biomedical fields [1–
3]. Currently, in vivo gene-editing delivery technologies in-
clude viral vector-based delivery, lipid nanoparticle (LNP)-
mediated delivery, and virus-like particle (VLP)-assisted
delivery [4]. Notably, the former two have achieved pre-
liminary success in recent clinical trials and hold promise
for becoming powerful in vivo gene-editing therapeutic ap-
proaches in the future [5–8]. Owing to its low clinical
pathogenicity, diverse tissue tropism, and sustained trans-
gene expression, adeno-associated virus (AAV) has be-
come a key vector in clinical gene therapy. Recombinant
adeno-associated virus (rAAV), engineered from the non-
pathogenic wild-type AAV for enhanced specificity, has
emerged as a valuable tool for treating various diseases [9].
Male infertility stemming from geneticmutations stands out
as a critical category of infertility. At present, no clinical

methodologies with proven efficacy are available to satisfy
this particular medical requirement [10]. Thus, employing
AAV-mediated delivery as a therapeutic approach for male
testis related diseases may offer a potential solution to re-
store fertility in males affected by gene mutations. This
innovative strategy holds promise for dressing the unmet
medical need in treating male infertility. Further research
and development in this field could pave the way for effec-
tive gene-therapy-based interventions to combat male infer-
tility caused by genetic factors.

As mentioned earlier, AAV was initially identified as
a contaminant in cell cultures, and AAV2, the most exten-
sively studied and commonly utilized serotype, was rec-
ognized in a similar manner [11]. It is worth noting that
the vectorized serotypes offering the most clinical promise
have often been those derived from natural sources. A
prime example of this is AAV9, which was discovered in
human liver tissue [12]. Currently, thirteen different hu-
man AAV serotypes (AAV1-13) have been discovered [13].
They are characterized by distinct capsid proteins and show
varied tropisms for diverse cell and tissue types [14]. Nev-
ertheless, natural AAV serotypes possess several shortcom-
ings, such as less than optimal transduction efficiency, pre-
existing immunity, and insufficient tissue specificity, which
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impede their therapeutic efficacy. In response to these chal-
lenges, substantial endeavors are being directed toward the
engineering of novel AAV capsids. Rational design em-
ploys structural insights to enhance capsid properties, di-
rected evolution facilitates the unbiased selection of su-
perior variants, and machine learning leverages computa-
tional analysis of high-throughput screening results to ac-
celerate discovery and enable predictive algorithms [15].
Collectively, these approaches have led to the development
of novel capsids that exhibit enhanced transduction effi-
ciency, reduced immunogenicity, and improved tissue tar-
geting. Currently, fewer than 12 AAV serotypes are em-
ployed as vectors in clinical trials, among which AAV2
is the most frequently used. Notably, more updated and
effective capsids, including AAV8, AAV9, and AAVrh.10
are being employed in an increasing number of trials [11].
Recombinant adeno-associated viruses (rAAVs) commonly
used nowadays are hybrid viral vectors composed by com-
bining the AAV2 genome with capsid proteins from dif-
ferent serotypes, often labeled as rAAV2/N (N represents
distinct serotypes). These chimeric vectors retain the sta-
ble transgene expression properties of the AAV2 genome
while acquiring the tissue — specific tropism of the pseu-
dotyped capsid, thereby exhibiting enhanced organ — tar-
geting capabilities [16]. The selection of an optimal cap-
sid is therefore critical. This screening strategy is designed
not only to identify serotypes with high tropism but also
to prioritize those compatible with scalable manufactur-
ing. While serotypes like AAV9 exhibit desirable in vivo
tropisms, their native genomes can present challenges for
high-titer production. The AAV2-based hybrid system, in
contrast, benefits from the most refined and efficient pro-
duction platform available. Consequently, identifying a
chimera like AAV2/9 that combines the superior in vivo de-
livery of a capsid likeAAV9with the production advantages
of the AAV2 genome represents an ideal outcome, ensuring
that the identified vector is both biologically effective and
practically feasible for therapeutic development.

Despite the promising potential of AAV mediated
gene delivery for testicular gene therapy, its application is
severely hampered by a critical, unmet challenge: the lack
of AAV vectors capable of efficient transduction across the
blood-testis barrier and, more importantly, into the sper-
matogenic lineage within the seminiferous tubules. While
AAVs can be delivered directly into the testicular inter-
stitium or seminiferous tubules, most naturally occurring
serotypes exhibit poor efficiency or undesirable cellular
tropism for the intended germ cell targets [17]. Cur-
rently, AAV8 is among the most widely utilized serotypes
for testicular delivery. However, a significant limitation
has emerged from a recent study: AAV8 primarily trans-
duces interstitial cells in the testes [18]. This somatic cell-
restricted tropism renders AAV8 suboptimal for therapeutic
strategies aimed at correcting genetic defects in male germ
cells, which are a leading cause of hereditary infertility.

To date, there has been no systematic, side-by-
side evaluation of the transduction efficiency of different
AAV serotypes, particularly those derived from the AAV2
genome, specifically for germ cells in testicular tissue. The
identification of a serotype with superior germ cell tropism
is therefore a pivotal and unresolved prerequisite for ad-
vancing AAV-based gene therapies for male infertility.

This study was designed to address this exact gap. We
aim to identify the optimal AAV serotype for targeting tes-
ticular germ cells by conducting a comprehensive compar-
ison of the gene delivery efficiency of ten distinct AAV2-
based hybrid serotypes in mouse testes. Our findings pro-
vide a powerful and efficient vector for germ cell-directed
gene therapy, offering a precise tool to overcome the cur-
rent delivery bottleneck.

2. Materials and Methods
2.1 Vector Design and Approach

AAV viral vectors were prepared by OBiO Technol-
ogy (Shanghai) Corp., Ltd. utilizing their standardized
production process. This comprehensive process includes:
transfection based on a triple plasmid system, viral pack-
aging in adherent or suspension HEK293 cell culture sys-
tems, harvest of crude viral lysate via cell lysis, purification
through sequential steps such as affinity chromatography
followed by ion exchange chromatography, and final qual-
ity controlmeasures including titer determination and steril-
ity testing, resulting in a high-purity AAV vector suspen-
sion meeting stringent specifications. The AAV2 genome
includes the Cytomegalovirus (CMV) promoter and En-
hancedGreen Fluorescent Protein (EGFP) fluorescence sig-
nal as a marker.

2.2 AAV Transduction in Mice

Mice used in experiments were purchased from Nan-
tong Jingqi Biotechnology Co., Ltd. Mice (4-week-old)
were anesthetized via intraperitoneal injection of 2.5% tri-
bromoethanol (T48402, Sigma Chemical Co.St.Louis, MO,
USA) (0.2 mL/10 g body weight). For each serotype, at
least three mice received a unilateral intratesticular injec-
tion. A standardized volume of 20 µL, containing 1.0 ×
1010 genome copies (gc) of the respective AAV vector,
was delivered into the seminiferous tubules via the effer-
ent ducts. The injection solution consisted of the AAV
stock, 10% 10× phosphate-buffered saline (PBS), 10%
FAST Green (2.5%), and was brought to a final volume
of 20 µL with ddH2O. Mice were maintained in a 12:12 h
light/dark cycle and at constant temperature (22 ℃± 1℃)
with free access to food and water. After a 4-week experi-
mental period, the mice were sacrificed by cervical disloca-
tion in a humane manner. For each AAV serotype, a sample
size of at least three biological replicates (n ≥ 3 mice) was
used. This sample size was chosen based on established
models for in vivo AAV serotype screening and provides
sufficient power to detect the large, statistically significant
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differences in transduction efficiency that are the focus of
this comparative study. All replicates are independent bio-
logical replicates, where each ‘n’ represents a virus prepa-
ration injected into a separate mouse, with subsequent tis-
sue collection and analysis performed individually. Their
testes were carefully dissected out and subjected to stereo-
fluorescence analysis. Complementarily, testicular frozen
sections were created to meticulously examine the AAV
virus transfection within the testes. All animal experiments
were carried out in accordance with the recommendations
of the US National Institutes of Health’s Guide for the Care
and Use of Laboratory Animals. This study was approved
by the animal ethics committee at the tenth people’s hospital
of Tongji University.

2.3 Frozen Tissue Sections
Fresh testicular tissues were fixed in 4%

paraformaldehyde (PFA) (158127, Sigma Chemical
Co.St.Louis, MO, USA) at 4 °C for >24 h, dehydrated in
15% and 30% sucrose solutions (24 h each). Subsequently,
the tissues were embedded in Optimal cutting temperature
compound (OCT) (Neg 50, Epredia Corp., Kalamazoo,
MI, USA) and stored at –80 ℃ until use. Samples were
sectioned on a cryotome (Leica CM1850, Ernst Leitz
Corp., Wetzlar, Germany) and the 8 µm thick sections
were mounted on adhesive slides for the subsequent
immunofluorescence staining.

2.4 Histological Analysis of Testicular Tissue
Mouse testes were immediately dissected and fixed in

Bouin’s solution (HT10132, Sigma Chemical Co.St.Louis,
MO, USA) for 24 hours at 4 °C to preserve seminiferous
epithelium architecture. Tissues were then washed in 70%
ethanol to remove residual picric acid, dehydrated through
graded ethanol series (70% to 100%), cleared in xylene,
and embedded in paraffin. Serial sections (5 µm thick-
ness) were cut using a rotary microtome (Leica RM2235,
Ernst Leitz Corp., Wetzlar, Germany). After deparaffiniza-
tion and rehydration, sections were stained with hema-
toxylin (H3136, Sigma Chemical Co.St.Louis, MO, USA)
for 8 minutes, rinsed in running tap water, differentiated
in 0.5% acid alcohol, and blued in Scott’s tap water sub-
stitute. Counterstaining was performed in eosin Y (0.5%
aqueous) for 90 seconds. Sections were dehydrated, cleared
in xylene, and mounted with Distyrene, Plasticizer and Xy-
lene (DPX) (MM1410, MKBio, Shanghai, China). Histo-
logical evaluation mainly focused on the diameter of the
seminiferous tubules, the thickness of the germinal epithe-
lium and the morphology of spermatogenic cells under light
microscopy (VS200 digital scanning microscope, Olympus
Corp., Tokyo, Japan).

2.5 Immunofluorescence
Frozen sections werewashedwith Phosphate Buffered

Saline with Tween 20 (PBST) (P2272 & 93773, Sigma
Chemical Co.St.Louis, MO, USA) and PBS. Nuclei were

stained with Hoechst 33342 (10 min, room temperature).
After further washing, slides were mounted.

2.6 Microscopy

Whole-mount testes were imaged under a stereo flu-
orescence microscope (Leica M205FA, Ernst Leitz Corp.,
Wetzlar, Germany). Immunofluorescent sections were
imaged using a confocal microscope (A1, Nikon Corp.,
Tokyo, Japan).

2.7 Testicular Cell Isolation for Flow Cytometry

Whole testes were subjected to mechanical dissocia-
tion to obtain a single-cell suspension. Briefly, intact testes
were placed onto a 70 µm nylon mesh cell strainer. Gen-
tle mechanical disruption was achieved by applying pres-
sure with a sterile syringe plunger, followed by meticulous
trituration across the mesh surface. The dissociated tissue
was then rinsed thoroughly with ice-cold PBS to facilitate
cell passage through the filter. The resulting cell suspension
was collected from the filtrate. To remove residual debris
and ensure sample purity, the harvested cells underwent two
sequential washes with PBS via centrifugation (300 ×g for
5 min at 4 °C). The final cell pellet was resuspended in an
appropriate buffer for subsequent flow cytometric analysis.

2.8 Statistical Analysis

The fluorescence intensity data comparing transduc-
tion efficiency across the ten AAV serotypes were analyzed
using one-way analysis of variance (ANOVA). Statistical
significance was defined as p < 0.05 (*), p < 0.01 (**),
p < 0.001 (***). Effect sizes for significant results were
calculated as Cohen’s d (for t-tests) or η2 (for ANOVA).
All analyses were performed using SPSS 26.0 (IBM Corp.,
Armonk, NY, USA) and GraphPad Prism 9.0 (GraphPad
Software Inc. San Diego, CA, USA).

3. Results
3.1 Experimental Design for Analysis of the Delivery
Efficiency of Different AAV Serotypes in the Mouse Testis

To evaluate the expression efficacy of AAV serotypes,
we constructed hybrid viral vectors by combining theAAV2
genome (containing CMV promoter and EGFP) with var-
ious capsid proteins (AAV2/1, 2/2, 2/5, 2/6, 2/8, 2/9,
2/Anc80L65, 2/DJ, 2/Retro, 2/PHP.eB) (Fig. 1A,B). The
vectors were injected into the seminiferous tubules via the
efferent ducts (Fig. 1C). Each testis received 1 × 1010 g.c.
Testes were collected 4 weeks post-injection for analysis
(Fig. 1D).

3.2 Transduction Efficiency of 10 AAV Serotypes in Testis

At 4 weeks post-injection, AAV2/9-injected testes ex-
hibited the most intense and widespread green fluorescence
throughout the seminiferous tubules. AAV2/8 showed the
second-highest intensity. AAV2/5 and AAV2/6 exhibited
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Fig. 1. Experimental design for evaluating the transduction efficiency of different adeno-associated virus (AAV) serotypes in the
mouse testes. (A) Schematic of the AAV2 genome construct containing the Cytomegalovirus (CMV) promoter and Enhanced Green
Fluorescent Protein (EGFP) reporter. (B) List of ten hybrid AAV serotypes generated by pseudotyping the AAV2 genome with various
capsid proteins. (C) Illustration of intratesticular injection via the efferent duct. The blue dye represents Fast Green used as a tracer.
(D) Timeline of the experiment: unilateral injection into testes of 4-week-old male mice (n≥ 3 per serotype), with analysis performed 4
weeks post-injection.

weak fluorescence, while the other serotypes showed barely
detectable EGFP expression (Fig. 2).

3.3 Divergent Impacts of Distinct AAV Serotypes on
Testicular Transduction Efficiency and Growth

Marked variations in transduction efficiency were ob-
served. AAV2/9 was the most efficient, outperforming all
others. AAV2/8 followed, but its fluorescence intensity
was approximately 18-fold lower than AAV2/9 (Fig. 3A).
Flow cytometry analysis of AAV2/9-transduced testes re-
vealed an overall transduction efficiency of approximately
87% in testicular cells (Fig. 3B). We observed that the in-
jection of different AAV serotypes had varying effects on
testicular growth and development. Specifically, AAV2/1,
AAV2/8, AAV2/9, and AAV2/Anc80L65 exerted almost no
detectable on testicular development. In contrast, AAV2/6,
AAV2/DJ, AAV2/Retro, and AAV2/PHP.eB showed min-
imal effects on testicular growth. Notably, AAV2/2 and
AAV2/5 had the most significant adverse effects on tes-
ticular development, with the testicular weights being less
than half of those of the non-injected testes (Fig. 3C). These
findings were quantified by comparing the weights of in-
jected and non-injected testes, providing a clear metric of
the differential impacts of each AAV serotype on testicular
growth.

3.4 AAV2/9 Exhibits Broad Transduction Efficiency in
Various Types of Testicular Cells

Among the serotypes evaluated, most exhibited lim-
ited tropism for testicular tissue. Only AAV2/9 exhib-

ited remarkably high transduction efficiency, producing a
strong green fluorescence signal in the testes. We then pre-
pared frozen sections of AAV2/9-infected testes and per-
formed immunofluorescence analysis. Hoechst was used
to label cell nuclei, while the green fluorescence signal in-
dicated cells transduced and expressing the AAV2/9 vec-
tor. The analysis revealed that the green fluorescence signal
was evidently expressed in various testicular cells, includ-
ing interstitial cells, germ cells, and Sertoli cells. This find-
ing suggests that AAV2/9 has a broad tropism for testicular
cells. AAV2/9 possesses capsid proteins that likely exhibit
high affinity for receptors uniquely or abundantly expressed
on testicular cells. This specific interaction facilitates effi-
cient viral entry into these cells, a critical step for transduc-
tion. Other AAV serotypes may lack capsid configurations
optimized for these receptors, leading to reduced binding
and transduction efficiency. Testicular tissue is an immune-
privileged site, characterized by reduced immune surveil-
lance. This environment minimizes immune clearance of
the AAV2/9 vector, allowing prolonged viral persistence
and increased opportunities for cellular entry. Pre-existing
immunity against AAV2/9 or innate immune responses may
be less effective here, enhancing AAV2/9’s efficacy com-
pared to serotypes that are more susceptible to immune
elimination in non-privileged tissues. The combination of
receptor-specific tropism and immune evasion creates a cu-
mulative advantage for AAV2/9. Even if other serotypes
bind receptors effectively, they may not benefit from the
same immune privilege. Conversely, a serotype with im-
mune evasion advantages in other tissues might lack the
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Fig. 2. Transduction efficiency of ten AAV serotypes in testis. Representative stereomicroscopy images showing EGFP expression in
testes 4 weeks post-injection. Scale bar: 1 mm.
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Fig. 3. Effects of different AAV serotypes on testicular infection and development. (A) Quantification of fluorescence intensity in
testes injected with different AAV serotypes (n ≥ 3). Data are presented as mean ± SD; (*** p < 0.001). (B) Assessment of AAV2/9
transduction efficiency in testicular cells by Flow Cytometry. (C) Effects of different AAV serotypes on testicular development post-
infection, with the Y-axis showing the ratio of injected to not injected testis weights (* p < 0.05, ** p < 0.01, *** p < 0.001).

receptor specificity required for testicular targeting. These
factors may collectively contribute to the superior transduc-
tion efficiency of AAV2/9 in the testicular tissue compared
to other AAV serotypes. Using Hoechst for nuclear staining
and Peanut agglutinin (PNA) for acrosome labeling to com-
pare PBS, AAV2/8 and AAV2/9-EGFP transduction pat-
terns, we observed no green fluorescence expression in the
PBS-injected group. AAV2/8 expression was detected ex-
clusively in testicular Leydig cells, consistent with previous
findings. In contrast, AAV2/9 transduced both testicular so-
matic cells (including Leydig cells and Sertoli cells) and
all spermatogenic cell types, exhibiting particularly high
green fluorescence expression efficiency within the germ
cell lineage and the representative images showing two dif-
ferent sectional views of AAV2/9-transduced seminiferous
tubules (Fig. 4).

3.5 AAV2/9 Administration did not Affect Testicular
Development in Mice

To determine whether varying concentrations of
AAV2/9 administration impact testicular development, we
administered graded doses including PBS-only (control),
5.0 × 109, 1.0 × 1010, 5.0 × 1010, 1.0 × 1011, and 5.0
× 1011 g.c./testis. Comparison of testicular weights be-
tween injected and non-injected testes showed no signifi-
cant effect on testicular development at any administered
dose (Fig. 5A). Concurrently, quantification of fluores-
cence intensity revealed dose-dependent transduction effi-
ciency, with near-saturation levels achieved at doses ≥1.0
× 1010 g.c./testis (Fig. 5B). Comprehensive histopatholog-
ical evaluation was performed through hematoxylin and
eosin (H&E) staining of testicular sections. Critical mor-
phological parameters including seminiferous tubule diam-
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Fig. 4. AAV2/9 functional transduction detected by fluorescent imaging. Comparison of immunofluorescence staining showing the
expression and distribution of fluorescence in the testis following injection of phosphate-buffered saline (PBS), AAV2/8, and AAV2/9.
Scale bar: 25 µm. (Blue: Hoechst, Red: PNA, Green: EGFP).

eter, germinal epithelium thickness, and spermatogenic cell
architecture were systematically analyzed. No structural
abnormalities or statistically significant differences were
detected in any histological metrics following AAV2/9 ad-
ministration (Fig. 5C). Collectively, these findings from
gross morphological assessment (testicular weight), and de-
tailed histopathological examination demonstrate the ab-
sence of detectable adverse effects on testicular structure or
function. We therefore initially conclude that direct intrat-
esticular delivery of AAV2/9, at the doses tested, presents
a favorable safety profile for potential therapeutic applica-
tions.

4. Discussion
This study provides a systematic comparison of the

transfection efficiency of ten AAV-2 based hybrid serotypes
in mouse testicular tissue. We report that AAV2/9 medi-
ates superior transduction of germ cells within the seminif-
erous tubules, outperforming other serotypes, including the
commonly used AAV2/8, by a substantial margin (~18-fold
higher fluorescence intensity), without adversely affecting
testicular development.

An important consideration in interpreting our find-
ings is the age of the mice used. All injections were per-
formed on 4-week-old (adolescent) mice, a development
stage characterized by active and expanding spermatoge-
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Fig. 5. AAV2/9 administration did not affect testicular development inmice. (A) Testicular weight ratio (injected/non-injected) across
different AAV2/9 doses. No significant differences were observed. (B) Dose-dependent increase in fluorescence intensity, plateauing
at ≥1.0 × 1010 g.c./testis. (C) Hematoxylin and eosin (H&E) staining of testicular sections from wild-type and AAV2/9-injected mice.
No structural abnormalities were detected. Red, Basal lamina; Violet, Primary spermatocytes; Blue, Early spermatids; Black, Late
spermatids; Yellow, Sertoli cell; Green, Leydig cell. Scale bar: 50 µm.

nesis. The high transduction efficiency of AAV2/9 may be
influenced by the specific physiological state of the adoles-
cent testis, such as the maturation state of the blood-testis
barrier (BTB) and the proliferative activity of spermato-
gonial populations. Consequently, the efficacy of our ap-
proach may vary in neonatal or aged models. Future stud-
ies comparing transduction efficiency across different age
groups will be essential to determine the optimal window
for therapeutic intervention.

The lack of adverse effects on testicular development
following AAV2/9 administration suggests that this vec-
tor is unlikely to elicit significant immune or inflammatory
responses within the testis. This favorable safety profile
may be attributed to the non-lytic replication cycle of AAV,
which preserves host cell integrity, and is further supported
by the immune-privileged status of the testes. The non-lytic
nature of AAV2/9 not only prevents cellular destruction but

also minimizes potential inflammatory cascades that could
disrupt the delicate testicular microenvironment.

The superior performance of the AAV2/9 chimera is
likely underpinned by the intrinsic properties of the AAV9
capsid. AAV9 exhibits considerable promise due to its
broad tissue penetrance, low immunogenicity, and stable
transgene expression. Notably, AAV9 possesses the abil-
ity to traverse the BTB. A previous study has shown that
AAV9-based vectors can effectively infect the testis [19].
The capacity to overcome the BTB, a formidable barrier re-
stricting the entry of many therapeutics, is a significant ad-
vantage, enabling AAV2/9 to directly access intra-tubular
cells and enhancing its therapeutic potential for conditions
affecting spermatogenesis.

While one study has documented that particular AAV
serotypes can influence the development of specific tis-
sues or organs [20], our study also revealed pronounced
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serotype-dependent effects on testicular safety. While
AAV2/9 showed an excellent safety profile, AAV2/2 and
AAV2/5 exerted the most significant adverse effects on tes-
ticular development. This highlights the critical importance
of serotype selection. The toxicity of AAV2/2 may be asso-
ciated with its reported propensity to elicit stronger immune
responses in certain tissues [21], potentially disrupting the
testicular milieu. Similarly, AAV2/5 may interact with tes-
ticular cells components in a detrimental manner.

The high transduction efficiency and favorable safety
profile position AAV2/9 as a highly promising vector for
gene therapy targeting the testes. For conditions such as in-
herited testicular disorders or specific types of male infer-
tility, AAV2/9-mediated gene delivery could offer a viable
strategy for restoring function [22]. However, it is essential
to conduct further research to optimize vector design, en-
hance target specificity, and improve the regulation of gene
expression [23].

Our work, for instance, demonstrates its utility for
delivering transgenes to the germline, enabling strategies
ranging from gene overexpression to CRISPR/Cas9-based
therapeutics. Compared to adenoviral vectors, AAV of-
fers prolonged transgene expression (>6months), while ex-
hibiting a lower risk of insertional mutagenesis than lentivi-
ral vectors [24,25], features crucial for long-term therapeu-
tic efficacy and safety.

Looking forward, our findings provide a robust foun-
dation for therapeutic development, with future work need-
ing to focus on several interconnected fronts. The strate-
gic use of the AAV2 backbone means the highly efficient
AAV2/9 capsid can be readily equipped with germ cell-
specific (e.g., Protamine 1 (Prm1)) or spermatogonial stem
cell-specific (e.g., DEAD-Box Helicase 4 (Ddx4)) promot-
ers to enhance target specificity and minimize off-target
effects, while further capsid engineering could also refine
its tropism. Concurrently, the superior tropism of AAV2/9
opens key mechanistic questions, directing future work to-
ward identifying the primary receptor(s) utilized by AAV9
in the testis and profiling the local immune response to fully
understand its superior performance. Addressing transla-
tional challenges and ensuring long-term efficacy are also
critical, as the sustainability of transgene expression re-
quires careful evaluation; our preliminary observations of
a gradual decline in EGFP signal over time, consistent with
vector dilution during active spermatogenesis, underscore
the need to evaluate long-term safety, gene expression sta-
bility, and the impact of repeated administration. Further-
more, fundamental differences in spermatogenesis and tes-
ticular anatomy between mice and humans, coupled with
the high prevalence of pre-existing immunity to AAV9 in
the human population, pose significant translational hur-
dles that necessitate thorough investigation in more human-
relevant models.

In conclusion, the findings of this study highlight the
exceptional potential of AAV2/9 as a gene therapy vector
for testicular applications. However, continued research is

necessary to address the identified limitations and to fully
realize its therapeutic potential for treating male infertility.

5. Conclusions
AAV2/9 achieves high-efficiency transduction in

mouse testes, which is crucial for gene therapy targeting
testicular diseases, especially in germ cells. Its unique cap-
sid structure and receptor-binding properties enable it to ef-
fectively enter testicular germ cells. The testes’ immune-
privileged environment further enhances AAV2/9 transduc-
tion. This makes AAV2/9 a promising gene delivery vector.

Our study also highlights AAV2/9’s safety. It doesn’t
adversely affect testicular development, which is vital
for its clinical application. This safety profile positions
AAV2/9 as a potential platform for treating male reproduc-
tive disorders. For example, it can be used for CRISPR-
based correction of spermatogenic mutations like azoosper-
mia factor (AZF) microdeletions and for ectopic expression
of fertility-associated genes in non-obstructive azoosper-
mia. Additionally, AAV2/9 can be used to deliver gonad-
protective agents during oncotherapy.

The experimental conditions may not fully reflect the
complex in vivo environment. The specific testicular cell
types transduced by AAV2/9 and their respective efficien-
cies require further delineation. Themolecular mechanisms
underlying AAV2/9’s high efficiency and lack of develop-
mental impact, as well as potential germline toxicity, war-
rant further investigation. While our findings robustly es-
tablish AAV2/9 as a superior vector in the murine model,
several translational limitations must be considered. Fun-
damental differences in spermatogenesis kinetics, testic-
ular anatomy, and AAV receptor expression profiles be-
tween mice and humans could affect efficacy. Furthermore,
the high prevalence of pre-existing neutralizing antibodies
against AAV9 in humans poses a significant potential bar-
rier not assessed in this study. Future validation in human-
relevant models is essential.

In conclusion, our study definitively identifies
AAV2/9 as a superior vector for gene delivery to murine
testicular germ cells, combining high transduction ef-
ficiency with a favorable initial safety profile. These
findings provide a robust preclinical foundation for de-
veloping gene therapies for male infertility. However,
the translational path requires addressing several key
limitations. Future work will focus on optimizing this
platform through: (1) the use of germ cell-specific promot-
ers (e.g., Prm1, Transition protein-1 (Tnp1)) to enhance
target specificity and safety; (2) capsid engineering to
further refine tropism towards specific spermatogenic
cell populations (e.g., spermatogonial stem cells); and (3)
investigating strategies to overcome pre-existing humoral
immunity, which is a significant clinical hurdle for AAV
therapies. By addressing these challenges, the promising
potential of AAV2/9-mediated gene therapy for treating
male reproductive disorders can be fully realized.
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