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e What is the assisted reproductive technology (ART) investigated?
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e What is the conclusion on the use of this ICSI technology?

Student 2: Reference 2 above
e What is spermatogonial transplantation?
e What was the experimental design?
e What applications does the technology have?

Student 4: Reference 3 above
e What is the compound and where is it from?
e What was the experimental design?
e [s this a contraceptive and what clinical issues should be investigated?



The Journal of Clinical Investigation

RESEARCH ARTICLE

Intracytoplasmic sperm injection induces transgenerational

abnormalities in mice

Mito Kanatsu-Shinohara,"? Yusuke Shiromoto,' Narumi Ogonuki,® Kimiko Inoue,? Satoko Hattori,* Kento Miura,® Naomi Watanabe,?
Ayumi Hasegawa,? Keiji Mochida,? Takuya Yamamoto,>® Tsuyoshi Miyakawa,* Atsuo Ogura,® and Takashi Shinohara’

'Department of Molecular Genetics, Graduate School of Medicine, Kyoto University, Kyoto, Japan. AMED-CREST, Chiyodaku, Tokyo, Japan. Bioresource Engineering Division, RIKEN BioResource Research

Center, Ibaraki, Japan. *Division of Systems Medical Science, Center for Medical Science, Fujita Health University, Toyoake, Japan. *Department of Life Science Frontiers, Center for iPS Cell Research and

Application, Kyoto University, Kyoto, Japan. éInstitute for the Advanced Study of Human Biology (WPI-ASHB), Kyoto University, Kyoto, Japan.

Introduction

Since its first report in 1978, in vitro fertilization (IVF) has been
used in assisted reproductive techniques (ARTs) in humans (1). IVF
is often used when a woman’s fallopian tubes are blocked or when
a man has a low sperm count. Subsequent development of intra-
cytoplasmic sperm injection (ICSI) greatly expanded the applica-
tion of ARTs by direct microinjection of a spermatozoon into the
oocyte cytoplasm (2). Because ICSI requires only a small number
of sperm in testis or epididymis, it is now applied to several types
of male factor infertility, including azoospermia and globozoosper-
mia. However, because only 4 animals (2 rabbits and 2 calf) were
born as a result of ICSI trials before its clinical application (3), the
risk of ICSI has been debated for years (4). Although no association
with major congenital abnormalities was found, large epidemio-
logical studies showed increased risks of lower birth weight, minor
anomalies, and imprinting disorders (5-10). The risks of impaired
cognitive development, neurodevelopmental disorders, and met-
abolic health have remained inconclusive (11). However, little is
known about the effect of ICSI on subsequent generations because
of the long human reproductive cycle (12-15). Although one study
using mice showed increased apoptosis of spermatocytes, no study
showed abnormal phenotype using wild-type sperm (16). More
recently, spermatogonial stem cell (SSC) transplantation emerged
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In vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) are 2 major assisted reproductive techniques (ARTSs)
used widely to treat infertility. Recently, spermatogonial transplantation emerged as a new ART to restore fertility to young
patients with cancer after cancer therapy. To examine the influence of germ cell manipulation on behavior of offspring, we
produced F, offspring by a combination of two ARTs, spermatogonial transplantation and ICSI. When these animals were
compared with F, offspring produced by ICSI using fresh wild-type sperm, not only spermatogonial transplantation-I1CSI
mice but also ICSI-only control mice exhibited behavioral abnormalities, which persisted in the F, generation. Furthermore,
although these F, offspring appeared normal, F, offspring produced by IVF using F, sperm and wild-type oocytes showed
various types of congenital abnormalities, including anophthalmia, hydrocephalus, and missing limbs. Therefore, ARTs can
induce morphological and functional defects in mice, some of which become evident only after germline transmission.

asanew ART. Itis expected to restore fertility in boys who undergo
cancer therapy (17). When SSCs are lost owing to cancer treatment
in boys before puberty, infertility may be prevented by reintroduc-
tion of SSCs after cancer treatment.

Embryonic cells are sensitive to experimental manipulation.
For example, in vitro cultures of preimplantation embryos result
in “offspring syndrome” in animals, including in cattle and sheep
(18). These animals have excessive birth weight, large tongues,
umbilical hernia, hypoglycemia, and visceromegaly. These effects
result from dysregulation of a set of genes that are expressed only
from the maternally or paternally inherited chromosomes, called
imprinted genes (19). Cloned animals also exhibit abnormal
expression of imprinted genes (20). Proper allelic expression of
imprinted genes plays an important role in embryonic and neona-
tal growth, placental function, and postnatal behavior.

Given these results, it is possible that germ cell manipulation
influences offspring health. While the impact of embryo culture on F,
offspring has been established and its mechanism is gradually being
elucidated (21), few studies have evaluated the effect of SSC trans-
plantation. Here, we evaluated the impact of ARTs using mouse germ-
line stem (GS) cells, which are cultured spermatogonia with enriched
SSC activity (22). We initiated this study to examine the effect of
spermatogonia transplantation on offspring behavior and produced
offspring by ICSI. Analysis of offspring revealed that germ cell manip-
ulation causes transgenerational defects in subsequent generations.

Results

Production of F animals by ICSI. To examine whether SSC manip-
ulation affects ART outcome, we used GS cells from C57BL/6
Tgl4(act-EGFP)OsbY01(Green) mice that express Egfp gene
ubiquitously (B6-GS cells) (Supplemental Figure 1A; supple-
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mental material available online with this article; https://doi.
org/10.1172/JCI170140DS1). B6-GS cells appeared very similar
to GScellsina DBA/2background (DBA-GS cells), which produce
offspring by natural mating even after long-term culture (22).
Bisulfite sequencing analysis showed typical androgenetic DNA
methylation patterns with hypermethylation of HI9 and Meg3 IG
differentially methylated regions (DMRs) and hypomethylation
in Igf2r and Snrpn DMRs in both cell types (Supplemental Fig-
ure 1B). Real-time PCR analysis was consistent with the DNA
methylation patterns (Supplemental Figure 1C). B6-GS cells
were transplanted into the seminiferous tubules of congenitally
infertile WBB6F1-W/W" mice (W) to produce sperm (23). With-
in 3 months, B6-GS cells generated SYCP3* spermatocytes and
peanut agglutinin® (PNA*) haploid cells (Supplemental Figure 1,
D and E). To produce offspring, sperm or elongated spermatids
were used for ICSI (24). We also used sperm freshly prepared
from green mouse testes as a control (Figure 1A).

After Caesarean section, we found that significantly few-
er mice were born from W mice compared with mice born after
ICSI using fresh sperm (Supplemental Table 1). The most strik-
ing finding was the production of placenta-only offspring (5.2%
vs. 0.4%). Bodies and placentas from GS cell-derived mice were
larger than those of ICSI mice (Figure 1, B and C). Litter size and
body/placental ratio, which is a measure of placental efficiency,
were comparable between the two groups (Figure 1B and Supple-
mental Table 1). Because ICSI produces offspring with abnormal
imprinting and may influence body weight (25), we performed
combined bisulfite restriction enzyme analysis (COBRA). We col-
lected tail DNA and determined the DNA methylation levels of
DMRsin H19, Meg3 1G, Igf2r, and Snrpn. None of the mice showed
abnormalities (Supplemental Figure 2A). Bisulfite sequencing
confirmed these results (Supplemental Figure 3A).

Behavior analysis of F, animals. To examine the functional
effect on offspring, we conducted a battery of behavioral tests
(26). In this experiment, we used only male mice because no
obvious sexual differences in behavior were found in a previous
study using offspring born after spermatogonial transplantation
(27). We compared 3 groups of male mice: F, offspring produced
by ICSI using wild-type sperm (ICSI-F)) or sperm from GS cells
(GS-F) and control offspring sired by natural mating (control-F))
(Figure 1A). Although GS-F, mice were heavier, no difference was
found in the grip strength and wire hang tests, and they did not
exhibit abnormal sensitivity to a thermal stimulus in hot plate test
(Supplemental Figure 4, A-D).

Several tests showed reduced locomotor activity of GS-F,
mice. GS-F, mice showed reduced distance traveled in the light/
dark transition test (Supplemental Figure 4E). Activity level was
significantly lower in 24-hour cage monitoring (Supplemental Fig-
ure 4F). An open-field test, which is used to assay general loco-
motor activity levels, anxiety, and exploration activity, showed a
tendency toward less activity in GS-F, mice (Supplemental Figure
4G). GS-F mice showed reduced vertical behavior, spent less time
in the center area compared with other types of mice, and had low-
er stereotypic counts.

The most notable characteristic of GS-F, mice was their star-
tle response (Figure 2A). Prepulse inhibition of the acoustic startle
response is an index of sensorimotor gating. The startle responses
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to acoustic stimulation at 110 and 120 dB in GS-F, mice were sig-
nificantly impaired compared with control mice, suggesting a hear-
ing deficit in GS-F, offspring. However, a weak auditory stimulus
at 74 and 78 dB inhibited the startle response more significantly in
GS-F, mice, indicating that they do not have a hearing deficit.

Although the tail suspension test showed reduced mobility of
GS-F, mice (Supplemental Figure 4H), the Porsolt forced swim test,
another test for depressive behavior, showed enhanced immobility
and reduced distance traveled (Supplemental Figure 41). However,
because this test also depends on locomotor activity, the result may
simply reflect their low locomotive activity. ICSI-F, mice did not
show differences in the immobility (i.e., distance traveled); howev-
er, several abnormalities were common between ICSI-F, and GS-F,
mice. The 3-chamber social approach test (assessing sociability)
revealed decreased social behavior in both types of mice (Figure
2B). The sociability test, which compares the behavior around an
empty cage and a cage with a stranger mouse (stranger 1), showed
that ICSI-F, mice spent less time around the stranger side. More-
over, ICSI-F, and GS-F, mice traveled shorter distance, and the aver-
age speed of GS-F, mice was reduced. Although abnormalities in
social behavior in GS-F, mice were evident in the social interaction
test in a new environment (Supplemental Figure 4]), this test did not
show abnormalities in ICSI-F, mice. However, in the elevated plus
maze test, which reflects anxiety-like behavior, GS-F, and ICSI-F,
mice entered into open arm significantly less frequently (Figure
2C). Therefore, ICSI-F, and GS-F, mice exhibited abnormalities in
social behavior and increase in anxiety response.

ICSI-derived F, offspring have impaired memory function
(28). To confirm this, we performed several tests. First, the T-maze
test, which examines working memory, did not show a defect in
ICSI-F, mice (Supplemental Figure 4K). Second, the Barnes maze
test, which assesses spatial learning and memory, showed that
ICSI-F, mice spent significantly less time around the target hole in
probe tests performed 1 month after the last training session and
the rate of omission error was significantly increased, suggesting
impaired memory retention (Supplemental Figure 4L). A cued and
contextual fear conditioning test showed an increase in freezing
response and decrease in distance traveled in GS-F, mice in the
training session (Figure 2D). GS-F, mice no longer showed abnor-
malities in the retention test. These results confirmed that ICSI-F,
mice have impaired memory.

Implantation failure and congenital malformation in F, off-
spring. To examine whether abnormalities are transmitted to the
F, generation, we performed IVF using F, sperm and wild-type
oocytes (Supplemental Table 1). After Caesarean section, we
found that body and placenta weights of GS-F, mice were sig-
nificantly increased (Figure 1B). Moreover, the implantation rate
was significantly reduced in ICSI-F, mice (Supplemental Table 1).
The frequency of placenta-only offspring increased by approxi-
mately 16.8-fold when compared with that of ICSI-F, mice. The
combined numbers of dead and placenta-only offspring was
higher for ICSI-F, offspring, which accounted for approximately
29.6% of newborn offspring. Notably, 8.5% and 1.7% of ICSI-F,
offspring exhibited hydrocephalus and anophthalmia, respec-
tively (Figure 1D). Hydrocephalus was also found in 1 GS-F,
offspring. Litter size and body/placental ratio were comparable
among the 3 groups (Figure 1B and Supplemental Table 1).

J Clin Invest. 2023;133(22):e170140 https://doi.org/10.1172/)CI170140
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Figure 1. Congenital abnormalities in ICSI-derived offspring. (A) Experimental outline. (B) Body and placental weight at the time of birth (n = 31

for ICSI-F;; n = 37 for GS-F; n = 63 for young control-F; n = 50 for young ICSI-F,; n = 109 for young GS-F,; n = 25 for aged control-F,; n = 103 for aged
ICSI-F,; n = 34 for control-F,; n = 45 for ICSI-F; n = 49 for GS-F,). (C) F, offspring produced by ICSI and SSC transplantation. (D) Congenital deformi-
ties found in F, offspring produced by IVF using sperm from young (15 months) or aged (25 months) F, mice. (E) Congenital deformities found in F,
offspring produced by IVF using sperm from F, mice. (F) Congenital deformities found in F, offspring produced by natural mating between F, mice.

*P < 0.05, 2-tailed Student’s t test.

We performed another set of IVF using approximately
25-month-old control-F, and ICSI-F, mice to confirm whether
ICSI per se causes abnormalities. After Caesarean section, we
found that 17.6% of ICSI-F, mice were either dead or placenta
only, compared with 3.8% for control-F, mice. Overall, 11.2% of
ICSI-F, offspring exhibited congenital malformation. Along with

J Clin Invest. 2023;133(22):e170140 https://doi.org/10.1172/)CI170140

hydrocephalus (1.7%) and anophthalmia (2.6%), offspring were
born with small or open eyes (3.4%), skull defect (0.9%), and
umbilical hernia (0.9%) were born (Figure 1D).

Unexpectedly, 15.4% of control-F, offspring, which were pro-
duced by IVF using sperm from control-F, mice and wild-type oocytes,
showed similar congenital deformities (Figure 1D). Offspring with
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Figure 2. Abnormal behavior of F, offspring. (A) Acoustic response and prepulse inhibition test. (B) Three-chamber social approach test (Crawley version). In the

:

sociability test, time spent in or around the chamber with an empty cage, the center cage, and the chamber with a stranger mouse (stranger 1) were recorded.

In the social novelty preference test, time spent in or around the chamber with a stranger mouse (stranger 1), the center cage, and the chamber with a novel
stranger mouse (stranger 2) were recorded. (C) Elevated plus maze test. (D) Cued and contextual fear conditioning test. The number of mice analyzed is as
follows: (A and B) n = 13 for control, n = 14 for ICSI-F,, and n = 14 for GS-F,; (€) n =13 for control, n =15 for ICSI-F,, and n =14 for GS-F ; and (D) n = 13 for control, n =
14 for ICSI-F,, and n = 13 for GS-F,. *P < 0.05, 1-way ANOVA (mouse type) or 2-way repeated measures ANOVA (mouse type, 2-way interaction [e.g., mouse type
time interaction]). CS, conditioned stimulus; UCS, unconditioned stimulus. See Supplemental Methods and Supplemental Tables 4 and 5 for details.

anophthalmia (3.8%), hydrocephalus (3.8%), and small eyes (3.8%)
were born. However, the phenotype was not exactly the same because
we found 2 offspring with tanned skin (7.7%). Because such abnormal-
ities were not found in control-F, offspring from young control-F, mice
(Supplemental Table 1), these results suggested that IVF using aged
sperm increases the frequency of congenial malformation.

To determine whether F, female mice can sire abnormal off-
spring, we performed IVF using ICSI-F, oocytes and wild-type
sperm and found an F, offspring with hydrocephalus (Supplemen-

J Clin Invest. 2023;133(22):e170140

tal Table 1). These results showed that congenital abnormalities
can occur through the female germline. Based on the increased
body weight of GS-F, offspring, we carried out COBRA for all
F, offspring (Supplemental Figure 2B); however, no significant
abnormalities were found. Bisulfite sequencing confirmed these
results (Supplemental Figure 3B).

Behavioral abnormalities in F, offspring. To determine wheth-
er behavioral abnormalities persist in the F, generation, male F,
offspring were subjected to a battery of behavioral tests. Overall,

https://doi.org/10.1172/)CI170140
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Figure 3. Abnormal behavior of F, offspring. (A) Acoustic response and prepulse inhibition test. (B) Three-chamber social approach test (Crawley version).
(C) Elevated plus maze test. (D) Cued and contextual fear conditioning test. The number of mice analyzed is as follows: (A, B, and D) n =18 for control-F,,
n =14 for ICSI-F,, and n =16 for GS-F, and (C) n =17 for control-F,, n = 14 for ICSI-F,, and n = 17 for GS-F,. *P < 0.05, 1-way ANOVA (mouse type) or 2-way
repeated measures ANOVA (mouse type, 2-way interaction [e.g., mouse type time interaction). CS, conditioned stimulus; UCS, unconditioned stimulus.

See Supplemental Methods and Supplemental Tables 4 and 5 for details.

the phenotype of GS-F, mice was stronger than that of ICSI-F,
mice. All 3 types of mice had comparable body weights, and no
differences were found in a grip strength test and a wire hang test
(Supplemental Figure 5, A-C). However, GS-F, mice were more
sensitive to heat than control-F, mice (Supplemental Figure 5D).
GS-F, mice exhibited many of the defects of GS-F, animals.
They showed low activity in the light/dark transition test (Sup-

J Clin Invest. 2023;133(22):e170140 https://doi.org/10.1172/)CI170140

plemental Figure 5E). Although no abnormalities in 24-hour cage
monitoring was found (Supplemental Figure 5F), an open-field
test showed lower activity (Supplemental Figure 5G). Abnormal-
ities in acoustic startle response and prepulse inhibition clearly
persisted in GS-F, mice (Figure 3A). Despite the lack of a signif-
icant differences in the tail suspension test (Supplemental Fig-
ure 5H), we found abnormalities in the Porsolt forced swim test
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(Supplemental Figure 5I). The 3-chamber social approach test and
social interaction test in a new environment indicated defective
social behavior in GS-F, mice (Figure 3B and Supplemental Figure
5]). Abnormalities in elevated plus maze test also suggested anxi-
ety-like behavior (Figure 3C).

We observed new phenotypes in GS-F, mice. In addition to
thermal sensitivity, GS-F, mice showed abnormalities in social
novelty preference test (Figure 3B). They also showed a superior
response in the T-maze test (Supplemental Figure 5K). Moreover,
GS-F, mice showed significant reductions in distance traveled and
in number of errors in the Barnes maze test (Supplemental Figure
5L). Therefore, although GS-F, mice exhibited many of the same
abnormalities of the GS-F, mice, their memory was significantly
improved in the next generation.

The phenotype of ICSI-F, mice was mild. However, they
showed abnormalities in the 3-chamber social approach test
of social novelty preference (Figure 3B). Control-F, and GS-F,
mice spent more time in and around the cage with a new strang-
er mouse (stranger 2) than in the cage with the familiar mouse
(stranger 1), while ICSI-F, mice did not show such a preference.
Like GS-F, mice, ICSI-F, mice also exhibited phenotypes not
found in ICSI-F, mice. ICSI-F, mice showed a reduction in dis-
tance traveled in the dark (Supplemental Figure 5E), showing low
locomotive activity. They also showed reduced travel speed in
3-chamber social approach test (Figure 3B). Neither the T-maze
test nor Barnes maze test showed abnormalities (Supplemen-
tal Figure 5, K and L). However, ICSI-F, mice exhibited a longer
freezing time and shorter distance traveled in the condition-
ing session (Figure 3D). Although the effect of reduced activity
needs to be considered, abnormalities were also found in context
testing and cued testing with altered context. When fear memo-
ry was assessed after 1 month, ICSI-F, mice still showed defects
in context testing, suggesting poor learning ability and memory
retention (Figure 3D). Therefore, behavioral abnormalities are
propagated by germline transmission.

Congenital deformity in F_ offspring. We produced F, offspring
using sperm from F, mice and wild-type oocytes. After Caesarean
section, we found that GS-F, offspring were heavier than control-F,
mice (Figure 1B). Litter size and body/placental ratio were com-
parable among the 3 groups (Figure 1B and Supplemental Table
1). Anophthalmia and hydrocephalus were similarly observed in
ICSI-F, mice (1.8%; Figure 1E). Moreover, ICSI-F, and GS-F, off-
spring showed severe defects, with missing head and limbs (Fig-
ure 1E). Anophthalmia was found in control-F, offspring (Figure
1E). To examine whether natural mating can erase abnormalities,
we crossed ICSI-F, male and female mice with normal appear-
ance. However, natural mating produced 1 mouse with microph-
thalmia and 1 with hydrocephalus (Figure 1F). COBRA of tail DNA
did not show apparent abnormalities in DNA methylation levels
(Supplemental Figure 2C). These results suggested that congenital
abnormalities occur in the subsequent generations.

Analysis of spermatogenesis and SSCs in F, mice. To understand
the mechanism of transmission of abnormal phenotype, we per-
formed immunostaining of ICSI-F, and control-F, mouse testes
(Figure 4A). We used antibodies against the regions of histone
H3 containing the dimethylated lysine 4 (H3K4me2), dimethyl-
ated lysine 9 (H3K9me?2), dimethylated lysine 27 (H3K27me2),
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trimethylated lysine 27 (H3K27me3), demethylated lysine 36
(H3K36me?2), and dimethylated lysine 79 (H3K79me2). Immu-
nostaining pattens were similar to results reported in previous
studies (29-31). However, there were no obvious differences in
staining patterns between the 2 groups.

To study gene expression in the germline directly, we derived
GS cells from ICSI-F, and control-F, mice. GS cells were derived by
collecting CD9-expressing spermatogonia from mature testes by
magnetic cell sorting. These cells are enriched for SSCs (32). The
morphology and growth characteristics of ICSI-F, and control-F,
GS cells did not show apparent differences. To study the genomic
imprinting in both types of GS cells, we performed COBRA. How-
ever, all of them showed the same androgenetic DNA methylation
patterns (Supplemental Figure 2D).

We then used the reduced representation bisulfite sequenc-
ing method to verify the overall genomic methylation (Figure
4B). Of the 237,680 covered CpG sites, our analysis identified 143
(0.06% of commonly covered sites) hypermethylated sites and 19
(0.008% of commonly covered sites) hypomethylated sites in the
ICSI-F, versus the control-F, GS cells (>20% change, R? = 0.9581)
(Supplemental Table 2). Gene ontology analysis failed to detect
significant association with specific biological functions. More-
over, we were not able to find significant differences in DNA meth-
ylation patterns for imprinted genes (Supplemental Figure 6).

We performed RNA-Seq of GS cells for changes in gene expres-
sion profiles (Figure 4C and Supplemental Table 3). Comparison
between ICSI-F, and control-F, GS cells revealed no differentially
expressed genes, including DMR genes (FDR < 0.05). Real-time
PCR analysis confirmed comparable levels of imprinted gene
expression in both types of F, GS cells (Figure 4D). These results
are consistent with the RNA-seq data that showed comparable
expression levels of imprinted genes between the 2 cell types.

Discussion

We found several defects in GS cell-derived F, offspring. Although
the animals did not show congenital defects, their bodies were
larger, and they exhibited several behavioral abnormalities. In a
recent study, several types of behavioral reflexes were analyzed in
SSC-derived offspring produced by natural mating using DBA/2
mice (27); however, none of them showed abnormalities in both
F, and F, generations. Because SSCs were similarly cultured in
that study, abnormalities found in the current study might have
been due to difference in genetic background or ICSI. In addition,
MHY1485, which was used to drive self-renewal of B6-GS cells in
vitro, may also be responsible. Considering that normal offspring
were born after spermatogonial transplantation in that study,
transplantation procedure per se probably does not play a signif-
icant role in inducing abnormalities.

We then found F, offspring produced by IVF using sperm
from ICSI-F, mice were abnormal. These results were unexpect-
ed because F, offspring appeared normal. However, congeni-
tal abnormalities appeared only after germline transmission.
Although ICSI-induced transcriptional changes disappear by 8
weeks in somatic cells (33), germ cells of ICSI-F, mice might have
undergone irreversible damages, resulting in an increased inci-
dence of abnormalities. For example, whereas the spontaneous
rate of hydrocephalus in wild-type B6 mice is 0.029% (ref. 34), the
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Figure 4. Analysis of spermatogenesis and GS cells derived from F, mice. (A) Immunostaining of F, testes using antibodies against H3K4me2, H3KSme2,
H3K27me2, H3K27me3, H3K36me2, and H3K79me2. One hundred cells in 5 tubules of 3 mice were analyzed per group. Each antigen was assessed using a
single antibody. Signal intensity in PNA* cells was measured. H3K9me2 was omitted for quantification because PNA* cells did not show H3K9me2 signals.
Scale bar: 30 um. (B) A scatter plot with a list of genes, showing correlation of the DNA methylation data at individual CpG sites in gene promoters (n = 4).
Methylation statuses at 237,680 CpG sites were covered. The numbers of identified hypermethylated sites and hypomethylated sites in ICSI-F, compared
with control-F, GS cells are shown in red and blue, respectively, along with the percentage of commonly covered sites. Red or blue lines indicate 20%
increased methylation levels or 20% decreased methylation levels in ICSI-F, GS cells, respectively. The dashed line indicates the linear regression line. Up,
upregulation; Down, downregulation. (C) A scatter plot of gene expression by RNA-Seq (n = 4). (D) Real-time PCR analysis of F, GS cells (n = 3). See Supple-
mental Tables 6 and 7 for details.
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rate of hydrocephalus in F, offspring (~4.0%) was approximately
137.9-fold higher. Although we did not find a statistically signifi-
cant increase in congenital abnormalities in F, offspring, this was
because control-F, offspring, which were produced by 2 rounds of
IVF, showed similar defects. Therefore, we currently cannot com-
pletely exclude the possibility that congenital abnormalities per-
sist in subsequent generations.

The most likely candidate responsible for inducing abnormal
phenotype is acrosome. It has been suggested that incorporation
of acrosome into the oocyte by ICSI is hazardous to embryos
because acrosome contains an array of hydrolyzing enzymes (35).
After fertilization, such enzymes may damage proteins that nor-
mally protect DNA. However, because we also observed abnor-
mal offspring after IVF using aged sperm, acrosome alone cannot
sufficiently explain the defects. We speculate that atmospheric
oxygen may be primarily responsible for the observed phenotype.
The concentration of oxygen in vivo varies between 2% and 8%
in the oviduct and uterus (36). The atmospheric oxygen is injuri-
ous through the generation of free oxygen radicals. Indeed, when
pronucleate mouse oocytes were exposed to 20% oxygen for only
1 hour before being cultured in 5% oxygen, there was pronounced
inhibition of development (37). Besides oxygen, genetic back-
ground may play a role, because our routine ICSI experiments
using B6 sperm and B6 x DBA/2 F, (B6D2F1) oocytes do not cause
such frequent abnormalities (38).

While these candidate factors need to be tested for potential
involvement, our analysis of ICSI offspring and GS cells failed to
provide strong evidence for imprinting defects. Because abnor-
mal genomic imprinting can occur after ICSI (25), we focused
on imprinted gene expression patterns throughout our analyses.
However, none of the imprinted genes showed apparent abnor-
malities. Moreover, we failed to find significant changes in mRNA
expression among F, GS cells. However, more studies are neces-
sary to exclude the possible epigenetic defects; it is possible that
in vitro cultures might have influenced epigenetic changes due to
exposure to high concentration of oxygen. Considering the many
reports on epigenetic defects after animal and human ICSI, we
still cannot discount epigenetics as a source of the abnormal phe-
notype, and analysis of placentas may hopefully provide a clue.
Although we failed to show significant differences in the body/
placental ratio in newborn offspring, placentas are sensitive to epi-
genetic abnormalities, and placenta-only offspring are quite often
found after nuclear cloning experiments (39). In addition, the
possibility of genetic mutations needs to be pursued. It is gener-
ally considered that ICSI does not alter mutation frequency (40),
and this point is now being analyzed in human samples (41, 42).
However, studies using inbred mice may solve this problem more
easily. Future studies are required to determine the mechanism of
transgenerational defects.

ICSI-induced behavioral abnormalities of F, offspring have
been reported in mice (28, 43). Our results were similar, if not
identical, to those of these studies. In the current study, we exam-
ined the behavior of F, offspring. Although we expected that
abnormalities of F, offspring would disappear in F, mice, some
abnormalities continued while different phenotypes appeared,
despite germline transmission. For example, several abnormali-
ties found in GS-F, mice (anxiety- or depressive-like behavior and

The Journal of Clinical Investigation

social activity), which may reflect their low locomotive activity,
continued in the F, generation. However, GS-F, mice showed
enhanced spatial learning and working memory, which were
not found in GS-F, mice. Moreover, unlike ICSI-F, mice, ICSI-F,
mice showed low locomotive activity. Such differences may
occur because the F, phenotype reflects ICSI-induced damages
in somatic cells. It is not surprising that potentially damaged F,
germ cells may produce offspring with distinct properties in the
F, generation. It also should be noted that the F, phenotype may
reflect the effect of additional IVF.

Our experimental model will be useful to study the science of
ART. To date, few models exist to study ICSI-induced damages.
We currently do not know whether our results using mice reflect
human ARTSs because the human acrosome is small and the human
oocyte is large compared with those of mice (44, 45). Therefore,
the human oocyte may tolerate potential damages caused by acro-
somal enzymes. However, the current model using B6 oocytes will
provide a useful system to allow improvements of culture condi-
tions and manipulation protocols to minimize ICSI-induced dam-
ages. In addition, transgenerational effects of IVF need to be ana-
lyzed using larger sample sizes because we found similar defects
when we used aged sperm. For application of SSCs, more studies
are clearly required. Because offspring derived from GS cell cul-
tures exhibited unique defects (i.e., large body size and startle
response), it is likely that GS cell cultures have induced abnormal
phenotype. However, it is also possible that offspring production
by natural mating may overcome such problems. Because mice
have a short generation time with defined genetic backgrounds,
such studies will delineate potential hazardous factors and con-
tribute to improve the safety of human ARTSs.

Methods
Further information can be found in Supplemental Methods.

Animals and transplantation procedure. We used green mice to
derive GS cells (gift from M. Okabe; Osaka University, Osaka, Japan)
(46). DBA-GS cells were previously described (22). For analysis of GS
cells from F, mice, SSCs were enriched by magnetic cell sorting using
anti-CD9 antibody (KMC8; BD Biosciences as previously described
(32). For spermatogonial transplantation, B6-GS cells were dissoci-
ated with trypsin and microinjected into the seminiferous tubules of
4-to 6-week-old W mice (Japan SLC, Shizuoka, Japan) via the efferent
duct (47). Approximately 4 x 10° cells were transplanted into the sem-
iniferous tubules. Each injection filled approximately 75%-85% of the
seminiferous tubules.

IVF and ICSI. IVF was carried out using human tubal fluid (HTF)
medium supplemented with 1.25 mM reduced glutathione, as described
previously (48-50). In brief, spermatozoa from epididymis were prein-
cubated in HTF medium at 37°C under 5% CO, in air for 1-2 hours, and
a small drop of sperm suspension was added to HTF drops containing
cumulus-oocyte complexes. Eggs were collected from C57BL/6N mice,
and washed for 4-6 hours after insemination. ICSI was carried out in
HEPES (10.1 mM)-CZB medium using a piezo-micropipette-driving
unit, as described previously (24, 51). Sperm were collected from tes-
tes of recipient W mice and untreated green mice, which were the con-
trol. Embryos were cultured for 24 hours in CZB medium at 37°C in an
atmosphere of 5% CO, in air and transferred into the oviducts of day 1
pseudopregnant mothers after sterile mating with vasectomized males.
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All embryo cultures in the present study were performed for 24 hours.
Recipients were injected subcutaneously with 2 mg progesterone in the
evening on days 18 and 19 to prevent natural delivery. On the morning
(09:00-12:00) of day 20, the recipient female mice were examined for
the presence of live fetuses by Cesarean section. All analyses were car-
ried out in a nonblinded fashion.

Statistics. Significant differences between means for single compari-
sons were determined by 2-tailed Student’s ¢ test. Embryonic development
was analyzed using the y? test. For behavioral tests, either 1-way ANOVA
(mouse type) or 2-way repeated measures ANOVA (mouse type, 2-way
interaction [e.g., mouse type x time interaction]) was applied. P< 0.05 was
considered to be significant. Data are shown as the mean + SEM.

Study approval. The Institutional Animal Care and Use Commit-
tees of Kyoto University and Fujita Health University approved all ani-
mal experimentation protocols.

Data availability. Reduced representation bisulfite sequencing
and RNA-Seq data have been deposited in the Gene Expression Omni-
bus (GSE229929 and GSE214649, respectively).
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Abstract

Background: Cancer treatment of prepubertal patients impacts future fertility due
to the abolition of spermatogonial stem cells (SSCs). In macaques, spermatogenesis
could be regenerated by intratesticular transplantation of SSCs, but no studies have
involved cytotoxic treatment before puberty and transplantation after puberty, which
would be the most likely clinical scenario.

Obijectives: To evaluate donor-derived functional sperm production after SSC trans-
plantation to adult monkeys that had received testicular irradiation during the prepu-
bertal period.

Materials and methods: We obtained prepubertal testis tissue by unilaterally castrat-
ing six prepubertal monkeys and 2 weeks later irradiated the remaining testes with
6.9 Gy. However, because spermatogenic recovery was observed, we irradiated them
again 14 months later with 7 Gy. Three of the monkeys were treated with GnRH-
antagonist (GnRH-ant) for 8 weeks. The cryopreserved testis cells from the castrated
testes were then allogeneically transplanted into the intact testes of all monkeys.
Tissues were harvested 10 months later for analyses.

Results: In three of the six monkeys, 61%, 38%, and 11% of the epididymal sperm
DNA were of the donor genotype. The ability to recover donor-derived sperm pro-
duction was not enhanced by the GnRH-ant pretreatment. However, the extent of
filling seminiferous tubules during the transplantation procedure was correlated with
the eventual production of donor spermatozoa. The donor epididymal spermatozoa
from the recipient with 61% donor contribution were capable of fertilizing rhesus
eggs and forming embryos. Although the transplantation was done into the rete tes-
tis, two GnRH-ant-treated monkeys, which did not produce donor-derived epididymal
spermatozoa, displayed irregular tubular cords in the interstitium containing testicular
spermatozoa derived from the transplanted donor cells.

Discussion and Conclusion: The results further support that sperm production can be

restored in non-human primates from tissues cryopreserved prior to prepubertal and

© 2021 American Society of Andrology and European Academy of Andrology
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1 | INTRODUCTION

Sustained progress in cancer therapies over the past several decades
has led to a rise in pediatric cancer survival rates to approximately
88%.! However, the gonadotoxicity and risk of infertility from the
treatment remains a major health concern in these survivors as it
affects the quality of life. Since prepubertal boys are not producing
spermatozoa, there are currently no standard-of-care options to pre-
serve their fertility. We estimate that each year an additional 1,400
young men will become sterile due to cancer therapy and myeloabla-
tive conditioning therapy for hematopoietic stem cell transplants for
non-malignant conditions.? This is a significant human health con-
cern,>* and development of new methods of fertility preservation
to prevent these effects or restore normal reproductive function
after cytotoxic treatment is of great importance to these young male
cancer survivors.

If spermatogonial stem cells (SSCs) are completely lost after
gonadotoxic therapy, the only way to preserve future fertility of
prepubertal males is by harvesting tissue containing SSCs prior to
therapy and cryopreservation. With increased awareness and need
for fertility preservation, it is the current clinical practice in various
centers in the world to cryopreserve the testicular tissues before go-
nadotoxic therapies in boys,”® hoping that a satisfactory technique
will be developed to produce spermatozoa from the SSCs present
in this tissue. Transplantation of a cell suspension containing SSCs
into the seminiferous tubules is one of the techniques that have the
potential to restore spermatogenesis and sperm production in vivo.
Spermatozoa can be obtained from the testis, epididymis, or the
ejaculate and have been successfully used to produce live offspring

911 and goats,'? and embryos in non-human primates.?*3

in rodents

Previously, we showed that, in macaques, irradiated during
adulthood, autologous®* or allogeneic2 transplantation of SSCs to
the testis produced donor-derived spermatozoa in the recipient.
These spermatozoa were also competent to fertilize the eggs to pro-
duce embryos by ICSI.2 In an attempt to model the prepubertal boys
undergoing gonadotoxic therapy and requiring fertility restoration
when they reach adulthood, we cryopreserved testis tissue from
prepubertal monkeys, irradiated them prepubertally, and planned
to transplant the stored cells into the testes after puberty and sub-
sequently test the establishment of donor-derived spermatogenesis
and the fertilizing potential of the spermatozoa produced. However,
a second dose of irradiation had to be given to these monkeys, since
there was spermatogenic recovery at puberty. Furthermore, al-

though autologous transplantation is desired in the clinical scenario,

post-pubertal gonadotoxic treatment by transplantation of these testicular cells after

puberty into seminiferous tubules.

GnRH-antagonist, intracytoplasmic sperm injection, radiation, spermatogenesis,

allogeneic transplantation was used in this study so that donor-
derived spermatogenesis and the paternity of embryos produced
could be reliably quantified using microsatellites that differed be-
tween the donor-recipient pairs.

In an attempt to increase the success of the recovery of sper-
matogenesis from transplanted cells in a non-human primate, we
also tested the effect of gonadotropic and gonadal hormone sup-
pression with a GnRH-antagonist, a method that had proved very
successful in rodents.*>¢ Although one of our previous studies
with macaques** had indicated that hormonal suppression just prior
transplantation enhanced the recovery of spermatogenesis from the
donor, a second study2 failed to indicate such a beneficial effect.

Furthermore, we previously reported a single case in which
transplantation of a suspension of testicular cells from a prepubertal
monkey resulted in the development of donor-derived de novo tu-
bules containing advanced germ cells in the interstitium.?” Since this
study also involves transplantation of prepubertal monkey cells into
the testes, we scrutinized the transplanted testes tissues for such

structures.

2 | MATERIALS AND METHODS

2.1 | Animals
Six male rhesus monkeys (Macaca mulatta) were purchased from the
Michale E. Keeling Center for Comparative Medicine and Research,
MD Anderson Cancer Center, Bastrop, Texas, as both donor and
recipient monkeys for testicular cell transplantation to the testis.
They were prepubertal at the time of purchase and were housed in
pairs initially at the M.D. Anderson Cancer Center, Houston, Texas,
in steel cages with a sliding panel between two adjacent compart-
ments to allow social interaction with another companion of the
same study group. The animals were fed Harlan TEKLAD Primate
diet #7195 with daily enrichment foods, such as seeds, peanuts,
fruits, and vegetables; the environment was maintained at a con-
stant temperature (24°C-27°C) and humidity (40%-55%) with a 12-h
light/12-h dark cycle. During parts of the study when there were
minimal interventions for procedures, the monkeys were temporar-
ily housed at the MD Anderson Cancer Center facility in Bastrop,
Texas, with the same conditions as described above.

All animal care and treatment protocols were approved by the
Institutional Animal Care and Use Committees of MD Anderson

Cancer Center and Magee-Womens Research Institute.
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2.2 | Experimental design

Prepubertal monkeys, at 40-41 weeks of age, were unilaterally cas-
trated (Figure 1). The castrated testes were weighed and 6-27 mm®
pieces from the testes were cryopreserved for later allogeneic trans-
plantation. Two weeks later, the remaining testes of the monkeys
were given 6.9 Gy of irradiation.

Testis volumes, testosterone levels, and sperm counts in the
ejaculates were monitored, generally every four weeks, to observe
signs of puberty. At about 50 weeks after the first irradiation, the
monkeys showed increased testosterone levels, suggesting their en-
trance to puberty. However, because the testis volumes and sperm
counts indicated significant spermatogenic recovery, they were
given one more dose of 7-Gy irradiation at 64 weeks from the first
dose to deplete endogenous SSCs and the recovering spermato-
genesis. The monkeys were then divided into two groups of three
each; one group was treated with GnRH-antagonist (GnRH-ant) for
8 weeks. At the end of 8 weeks, the testis of each monkey was allo-
geneically transplanted with cells prepared from the cryopreserved
testis pieces of another monkey in the group. To prevent rejection
of the transplanted cells, the monkeys were immunosuppressed; the
testes and epididymis were harvested 44 weeks after transplanta-

tion for analyses as in previous studies.**

2.3 | General surgical and post-surgical procedures
For all procedures, the monkeys were first sedated with an IM injec-
tion of ketamine (10-25 mg/kg) and then anesthetized with 1-3%
isoflurane in oxygen. Before castration surgery, 2% lidocaine was
instilled into the spermatic cord to provide local anesthesia. All sur-
gical procedures were performed under aseptic conditions. Each
animal received an analgesic (buprenorphine, 0.01-0.03 mg/kg
body weight) prior to and at the end of the day of surgery, and two
times per day for up to 3 days as needed by appearance of the ani-
mal under constant monitoring. In addition, at the discretion of the

ANDROLOGY @ CHRYITT A ELS

Clinical Veterinarian, daily IM injections of Baytril antibiotic (5 mg/

kg) were given for a week post-surgery.

2.4 | Semen and blood collection

Blood (5-10 ml) was drawn by venipuncture of the saphenous vein of
sedated animals. Serum was separated and stored at -20°C. In gen-
eral, blood sampling was done at monthly intervals, but was drawn
more frequently during and immediately after GnRH-ant treatment,
to assess its effects on hormone levels.

Semen was obtained from anesthetized monkeys by electro-
ejaculation using a rectal probe (Beltron Instruments), as described
previously.!* The sample was allowed to liquefy at 37°C for an hour
before spermatozoa were counted in the exudate using a hemocy-
tometer. Sperm counts were expressed per total ejaculate (volume
of exudate plus remaining coagulum). Semen collection was done
only once before the second irradiation to confirm puberty and
assess spermatogenic recovery after the first irradiation. Monthly
semen collections were then performed starting at 16 weeks after

transplantation.

2.5 | Testicular measurements

Individual testis volumes were determined by measuring the length
and width of each testis within the scrotum of anesthetized monkey
with calipers and modeling the testis as a prolate ellipsoid, applying

the following formula: testis volume =x x width? x length/6.

2.6 | Hemicastration and tissue cryopreservation

A scalpel incision was made in the scrotum of anesthetized prepu-
bertal monkeys, and the dartos and tunica vaginalis were dissected
to expose the left testis. The blood supply to the testis was tied off,

Cryopreserve _____ > Dissociate cells & allogeneically
testis fragments transplant to remaining testis
& Frepubertal $ Analysis of
Reciplents i 22 Welt =14 Test;s and
i .g) 5 Io;n;unlggfly Radiation epididymal sperm
g (7 Gy)—j Gnrrant
Unilateral Mo GnRH-ant
castration \
/———0—|—-o—|—-o—|—|—|j!' e ————}
Weeks -2 0 64 68 72 76 8 102 106 110 114 118
Prepubertal

Testis volume
and Serum samples

Immune suppression

>
Testis volume, Semen and Serum samples

FIGURE 1 Study design. The monkeys were evaluated before unilateral castration and periodically after exposure to two doses of
radiation, hormone suppression, and transplantation. Evaluation included sampling of serum and measurements of testis volume. In addition,
periodic semen analysis was performed after the animals reached puberty. Starting immediately after second exposure to testicular
irradiation, three monkeys underwent GnRH-ant-mediated hormone suppression for 8 weeks; the other three received only sham injections.
At the end of the 8-week period, they received allogeneic transplantation of cryopreserved testis tubular cells into one testis, followed by

9 months of immune suppression
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the testis along with the epididymis was removed by cutting the
spermatic cord, and the incision was closed by suturing.

The removed testis tissues were washed in Petri dishes using
Hanks' balanced salt solution (HBSS) and, using a single-edged blade,
were cut into small pieces of about 6-27 mm?® and cryopreserved.18
About 5-7 pieces of tissue were placed in a 2-ml cryovial containing
5% DMSO and 5% fetal bovine serum (FBS) in minimal essential me-
dium (MEMa). The vials were placed on ice for 30 min, transferred
to -1°C/min containers, and placed at -20°C for 90 mins, and then,
these containers were placed overnight at -80°C. Next day, the vials

were plunged into liquid nitrogen.

2.7 | Irradiation

The testes of anesthetized monkeys were irradiated using a cobalt-60

gamma-irradiator*?’

with a 5 x 5 cm field size in an antero-posterior
direction. Tissue-equivalent bolus material (5-mm thick) was placed
over the scrotum to provide a buildup layer. The remaining right testes
of prepubertal monkeys were irradiated at a total calculated dose of
6.9 Gy at a rate of 77-91 cGy/min, with a source-to-skin distance of
80 cm measured to the bolus. This dose was chosen because 7 Gy was
previously shown to provide prolonged depletion of spermatogenesis
in adult macaque testes.?'* Although we were aware of reports that
this dose might not deplete spermatogenesis in immature macaques,’
higher doses were not given to the prepubertal testis because our
preliminary data (not shown) and studies of others?® have shown that
irradiation of prepubertal testes with 10 Gy produced failure of the de-
velopment of the somatic elements of the testis. Instead, it was neces-
sary to give the monkeys a second dose of 7-Gy irradiation when they
reached adulthood to eliminate most of the surviving endogenous SSC

and the recovering endogenous spermatogenesis.

2.8 | GnRH-antagonist treatment

The GnRH-ant, Acyline, was obtained from the Contraceptive
Development Program of the NICHD, Rockville, MD, USA. Stock
solutions of Acyline (2 mg/ml) in 5% aqueous mannitol were pre-
pared and stored at 4°C for a maximum of 1 week. Based on the
pharmacokinetics of Acyline,21 and our previous data on hormone
suppression in macaques, ** one group of three monkeys was given
twice-weekly subcutaneous injections of Acyline on Mondays and
Thursdays at doses of 200 pg/kg and 300 pg/kg, respectively'*';

the other group of three was sham injected with bacteriostatic water.

2.9 | Allogeneic transplantation

To prepare the cells for transplantation, the cryovials were thawed in a
37°C water bath and washed with HBSS. Tissue pieces were incubated
with collagenase IV and DNase | to digest interstitial tissue, and the

undigested tissue was then incubated with trypsin-DNase to release

tubular cells.?>%® The recovered cells were washed, counted, and pre-
pared for transplantation as in our previous study.** The remaining right
testes of the unilaterally castrated monkeys were allogeneically trans-
planted with these cells, choosing the donor-recipient pairs to maximize
the unigue microsatellite markers between these monkeys.
Transplantation of cells was done essentially as described
previously.'*'* Briefly, cells were suspended at 49-180 x 10° via-
ble cells/ml in MEMa containing 10% FBS, 0.4 mg trypan blue/ml,
20% (v/v) Optison ultrasound contrast agent (GE Healthcare), 1%
antibiotic-antimycotic (a combination of penicillin, streptomycin,
and amphotericin B; Gibco), and 0.1 mg DNase I/ml. The cells were
transplanted in volumes between 350 and 500 ul via ultrasound-
guided injections into the rete testis. A 13 MHz linear superficial
probe and a MicroMaxx ultrasound machine (Sonosite) were used
to visualize the rete testis space and to guide a 25-gauge, 1.5” hy-
podermic needle into the space. Cells were manually injected under
slow constant pressure and chased with saline solution. A trans-
plantation efficiency score was recorded for each transplantation as
done previously, based on an ultrasound-visualized estimate of the
percentage of the circumference of tubules, going outward from the
rete testis, that were filled by donor cell suspension.? The scores
were as follows: 5 = >80%; 4 = 60-80%; 3 = 40-60%; 2 = 20-40%;
and 1 = <20%. For example, the filling of the tubules recorded in
a previous study,*® Movie S1, would be a score of 5. To prevent T
cell-mediated rejection of the transplanted allogeneic cells, the
recipients were immunosuppressed with human/mouse chimeric
anti-CD154 IgG 5C8 (NIH Nonhuman Primate Reagent Resource,
University of Massachusetts Medical School) at 20 mg/kg on days
(relative to transplant) -1, O, 3, 10, 18, 28, and monthly thereafter
for an additional 8 months. This treatment of rhesus monkeys was
shown to functionally protect renal allografts24 and had been suc-

cessfully used in allogeneic transplantation of $SCs.%*3

2.10 | Hormone assays
Testosterone was assayed using radioimmunoassay (RIA) kit KIR1709
(Immuno-Biological Laboratories America). We used our own testoster-
one standard for the assay that was diluted in the zero-standard provided
in the kit.!® The detection limit of the assay is 0.05 ng/ml. The intra- and
inter-assay coefficients of variation were 5% and 16%, respectively.
Circulating concentrations of FSH and luteinizing hormone (LH)
were determined by RIA at the Endocrine Technologies Support Core,
Oregon National Primate Research Center, Beaverton. The sensitivities
of both the FSH and LH assays were 0.05 ng/ml. The intra-assay coeffi-

cients of variation were 12.5% and 8.2%, respectively, for FSH and LH.
2.11 | Histological and
immunohistochemical procedures

After harvest, the testes were first weighed and pieces of tissue
were fixed in either Bouin solution, 4% PFA, or 70% ethanol.
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For histology, Bouin-fixed pieces were embedded in paraffin,
and sections were stained with periodic acid-Schiff reagent and
hematoxylin. For analysis of spermatogenic recovery at the end of
the study, at least three sections chosen from different regions of
the testis were assessed by systematic scanning across the entire
section and a minimum of 2654 tubules were scored per testis.
Sertoli cell-only tubules were categorized into two types: those
with normal appearing columnar Sertoli cells with a relatively
small empty lumen, and those with flatter Sertoli cells with a large
empty lumen. The presence of germ cells was scored by calculat-
ing the tubule differentiation index (TDI), which is the percentage
of seminiferous tubule cross sections containing at least three
differentiated germ cell type (B spermatogonia or later stages).
In addition, the extent of the progression of germ cell differen-
tiation was assessed by determining the percentages of tubules
with germ cells that contained spermatocytes, round spermatids,
or elongating/elongated spermatids as the most advanced germ
cell type present.

In some sections, areas packed with irregularly shaped tubu-
lar cords containing germ cells, often with incomplete basement
membranes, were observed. These were readily distinguished from
normal seminiferous tubules and appeared identical to the donor-

derived de novo tubules we observed in a previous study.’

2.12 | Epididymal sperm isolation

The cauda epididymis was minced thoroughly in about 200 pl of
pre-warmed modified human tubal fluid (HTF, Cat. No. 90126; Irvine
Scientific) in a 60-mm Petri dish and transferred to a 2-ml microfuge
tube. The epididymal mince was incubated thrice with 500 ul of
HTF, each time suspending the tissue and allowing it to settle at unit
gravity and aspirating the supernatant containing the spermatozoa.
The supernatant was filtered through a pre-wet 100-um cell strainer
basket (BD 352350) into a 50-ml conical tube, and the total volume
of the filtrate was brought to 2 ml by adding pre-warmed HTF. The
number of spermatozoa, their motility, and the number of blood cells
were counted in the filtrate, which was then divided into two por-
tions: one for genotyping and one for ICSI.

When the level of contaminating somatic cells was <50%, the
sperm samples for genotyping were washed in DPBS and pellets
were frozen at -80°C. However, when the level of somatic cells was
>50%, the spermatozoa were further purified by Percoll gradient
separation, reducing the somatic contamination to ~5%, prior to
washing and freezing.

The ICSI samples were transferred to 5-ml tubes, and equal
volumes of pre-warmed Test Yolk Buffer freezing medium were
added drop-wise over a 30-second period, mixing thoroughly
after each drop of freezing medium was added to avoid osmotic
shock to the spermatozoa. The mixture was allowed to equilibrate
for 10 min at room temperature and then transferred into mul-
tiple 2-ml vials. The samples were chilled for 1 h in the refriger-

ator (2-5°C), followed by exposure to liquid nitrogen vapor for
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30-60 mins, and then transferred to a liquid nitrogen tank for
storage at -196°C.

2.13 | Preparation of DNA from the blood,
tissue, and spermatozoa

To genotype the monkeys used as donors and recipients, DNA was
prepared from non-coagulated blood using the DNeasy Blood &
Tissue Kit from Qiagen (Cat No.: 69504).

To extract DNA from spermatozoa, the pellets were suspended
in saline sodium citrate buffer and were treated with 0.2% sodium
dodecyl sulfate (SDS) to lyse remaining non-sperm cells. In cases in
which spermatozoa were not Percoll purified, the spermatozoa were
washed one additional time and treated again with SDS; this further
eliminated the somatic contaminants and consequently decreased
the percentages of recipient DNA in the sperm samples by 1 to
5%. The sperm samples were lysed and digested using proteinase
K and dithiothreitol (DTT) at final concentrations of 2 mg/ml and
10 mM, respectively, for 3 h at 56°C. Then, the proteinase K was
heat-inactivated at 95°C for 15 min, and the extract was directly
used for PCR.

For genotyping the suspected de novo regions, we first identified
regions with irregularly shaped tubules in PAS-hematoxylin stained,
70% ethanol-fixed testicular sections. These slides were used as
guides to identify suspected regions of interest in adjacent unstained
serial sections. The surrounding unwanted tissues were scraped off
using a razor blade, under a dissection microscope. The proteinase
K/DTT lysis solution was carefully dropped on the slide containing
the required section, the tissue was released into the solution using
a pipette tip and aspirated into a microfuge tube, and processed as

was done for spermatozoa above.

2.14 | DNA microsatellite analysis

Microsatellite repeat fingerprinting was done with a panel of 29 micro-
satellites as described previously.)” Microsatellites were amplified, and
the PCR products were separated by capillary electrophoresis on ABI
3730 DNA Analyzer (Applied Biosystems). Fragment size analysis and
genotyping was done with the computer software STRand.

To determine parental origin and sex of ICSI embryos, geno-
typing was done as above except that before PCR the cells were
put through the whole genome amplification (WGA) process
using the REPLI-g kit, which contains reagents and primers that
will replicate most of the cell genome, producing sufficient DNA
for testing:  https://www.qgiagen.com/us/service-and-support/
learning-hub/technologies-and-research-topics/wga/replig-princ
ipal-procedure/. In addition to the panel of 29 microsatellites,
the primers 5-CCCTGGGGCTCTGTAAAGAATAGTG-3' and 5'-
ATCAGAGCTTAAACTGGGAAGCTG-3' were used to amplify se-
quences from the amelogenin gene which differs on the X and Y

chromosomes, to determine the gender of the embryos.
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TABLE 1 Baseline recipient and donor monkey characteristics, treatments, and cells for transplantation

Parameters of monkeys at time of unilateral Parameters of monkeys at time of

orchiectomy and first irradiation (6.9 Gy) second irradiation (7 Gy) Donor cells and transplantation

Average Sperm

Recipient Serum testis Serum Testis count/per Donor Testis Total cells Transplant
Treatment monkey Age T(ng/ volume Age T(ng/ volume ejaculate monkey weight injected Viability efficiency
groups number (months)® ml)? (cm®)? (months) ml)® (em®)  (x10%)° number (g) (millions) (%) score
No GnRH-ant 092 40.0 0.60 1.7 55.2 1.21 58 0 120 1.02 40 81% 3

d
control™ 114 41.0 045 15 56.1 257 140 11.24 094 093 41 92% 5

120 40.7 0.46 1.8 55.8 3.89 13.6 1.06 124 1.46 42 84% 3.5
GnRH-ant® 094 40.3 0.64 1.4 55.5 2.51 919, 6.51 122 1.12 62 95% 4

122 40.9 0.48 1.5 56.0 0.90 6.8 NE 092 0.93 17 89% 4.5

124 40.4 0.66 1.6 55.5 5.81 151 0.08 114 1.21 32 81% 5

@Average of last two measurements made on the day of (but just before) unilateral orchiectomy, and a week before. First testicular irradiation of the

remaining testis was performed 2 weeks after unilateral orchiectomy.
PAverage of last 5 measurements.
“Collected on 12/7/17; NE indicates no ejaculate was obtained.

9No differences were observed between GnRH-ant treatment groups in any parameters (t test, p > 0.05).

®Measured at the time of irradiation.

2.15 | Intracytoplasmic Sperm Injection (ICSI)

Controlled ovarian stimulation was performed on six female rhesus
macaques as previously described.?>?® Oocytes were collected and
fertilized with spermatozoa by ICSI, and resulting embryos were
cultured as described.?’?? Additional details are provided in the
Supplementary Information. Following ICSI and in vitro develop-
ment, individual embryos were vitrified and sent from the Oregon
National Primate Research Center to the Veterinary Genetics
Laboratory, University of California, Davis, for microsatellite analysis.

2.16 | Statistical analysis

The serum FSH levels, testis volume, and testis weights are pre-
sented as arithmetic mean + SEM. The serum testosterone and
LH levels were represented as means + SEM calculated from log-
transformed values. Comparison of the group treated with GnRH-
ant and the control group was done using a t test. When multiple
longitudinal measurements were made, the Bonferroni correction
for multiple comparisons was applied. Correlations between differ-
ent endpoints were analyzed using the non-parametric Spearman's
rank-order correlation coefficient. Analyses were performed with
the IBM SPSS (version 23) statistical package.

3 | RESULTS

3.1 | Observations during course of the study

We used the experimental design shown in Figure 1. The mon-
keys were 40-41 months of age with an average testis volume of
1.5 cm® and serum testosterone levels of 0.6 ng/ml (Table 1), when

the unilateral castration was performed. Histology showed that the
castrated testes of all the monkeys were indeed prepubertal con-
pale (Figure S1). The
recipient monkeys were monitored to determine when they reached

taining only spermatogonia, mostly A, , and A

puberty, as indicated by the serum testosterone levels consistently
at or above 0.9 ng/ml (Figure 2B, Figure S2; and Table 1) which began
at about 40 weeks after the hemicastration and irradiation. The
achievement of puberty was confirmed by increases in testis volume
resulting from increases in somatic elements and/or development of
spermatogenesis (Figure 2A). In four of the six monkeys, testis vol-
umes increased to at least 10 cm?® (Figure S3), which is greater than
that observed in adult monkeys in which spermatogenesis had been
well depleted by irradiation.? The volume increase and the presence
of spermatozoa in the ejaculates (Table 1) indicated that much of
the volume increase was due to regeneration of endogenous sper-
matogenesis. Because of this, at 64 weeks after the first irradiation,
the now post-pubertal monkeys were given another dose of 7-Gy
testicular irradiation, which resulted in a decrease in testis volume
(Figure 2A) as expected due to the depletion of the germ cells.

The monkeys were assigned to two treatment groups so that the
distributions of ages, testes sizes, and testosterone levels were sim-
ilar in the two groups (Table 1). One group of three monkeys was
treated with GnRH-ant for the 8 weeks between the second irradia-
tion and transplantation, and the other three monkeys received only
sham injections. All six monkeys received allogenic transplantation
of testis cells from other monkeys in the group at 72 weeks after the
first irradiation dose.

As anticipated, >'* serum LH and testosterone levels were mark-
edly suppressed during GnRH-ant treatment, and when the treat-
ment was stopped, they reverted to normal levels for irradiated
monkeys (Figure 2B and Figure S4). The reductions in testis volumes
after the second irradiation (Figure 2A) were consistent with the loss

of germ cells due to irradiation; the group treated with GnRH-ant
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had a tendency toward a greater decrease consistent with the loss

of Sertoli and Leydig cell volume seen with hormone suppression in

other species.’%%?
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FIGURE 2 Changesin testis volumes (A) and serum testosterone
levels (B) in monkeys during the study. The vertical red and blue
dashed lines represent the times of the two doses of irradiation and
of transplantation, respectively. The average values for the three
monkeys receiving GnRH-ant treatment (filled circle) (n = 3) or sham
injections (open circle) (n = 3) before transplantation are plotted.

The gray shaded area represents the duration of the GnRH-ant
treatment. For statistical analysis, the axis was divided into three time
segments, after initial irradiation, after the second irradiation during
GnRH-ant treatment, and after transplantation, during which there
were 15, 6, and 13 comparisons, respectively. The only statistical
difference between the two treatment groups (marked with asterisks)
was decreased serum testosterone during the GnRH-ant treatment
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The ability to obtain ejaculates was not very successful in these
monkeys, even during the breeding season of October-February.3?33
After the second irradiation and transplantation, only one ejaculate
greater than 1 ml was recorded (Table S1). The ejaculates that were
obtained during this period were azoospermic (<6 x 10%ml), with

one exception that had only a few spermatozoa.

3.2 | Results from harvested tissues at the
end of the study

At the end of the study, 44 weeks after transplantation, the remain-
ing right testis and the cauda epididymis of all the six monkeys were
harvested.

The testis weights in these monkeys varied between 3.3 and
7.0 g (Table 2; Figure 3A). Histology, as expected, showed that the
majority of the tubule cross sections contained only Sertoli cells
with the complete absence of germ cells (Figure 4A). In 5 out of 6
monkeys, Sertoli cells were mostly columnar with a small empty
lumen (asterisks in Figure 4B,C,D), which were considered nor-
mal for irradiated macaque testes. However, in one of the mon-
keys (#092), 99% of the Sertoli-only tubules displayed large empty
lumens and lower epithelial height of the Sertoli cells (Table 2;
Figure 4E,F). This tubule dilation is likely a consequence of damage
from the first prepubertal irradiation, as this monkey showed very
little increase in testis size after the first irradiation (Figure S3A).
Low numbers of such dilated tubules (< 1% of tubules) were also
observed in three monkeys: #094, #122, and #124 (Table 2;
Figure 4C,D).

Germ cell differentiation, identified by nuclear morphology and
location, was observed in the seminiferous tubules of all monkeys
(Figure 5). In monkey #092 with the extensive dilated tubules, only
one normal tubule showed spermatogenic cell differentiation. In the
other five monkeys, germ cell differentiation, quantified by the tu-
bule differentiation index (TDI), was observed in 2% to 33% of the
normal tubules (Figure 3B). Spermatogenesis proceeded to the late
spermatid stage in 70% of the differentiating tubules (Figure 5C). In

TABLE 2 Parameters of spermatogenic recovery in the recipient testis/epididymis

Percent of
Recipient Testis Testis differentiating
Treatment monkey volume weight tubules with late
groups number  (cm®)® (g)? TDI (%)® spermatids®
No GnRH- 092 57 3.6 0.03% 0%
ant 114 7.9 7.0 33.1% 76%
control
120 8.1 6.2 1.6% 56%
GnRH-ant 094 8.3 5.2 20.1% 82%
122 7.8 3.3 3.0% 64%
124 8.1 6.1 27.9% 66%

Percentage Donor
Presence Cauda of donor spermatozoa

Percentage of denovo epididymal spermatozoa incauda
of dilated cords spermatozoa incauda epididymis
tubules? intestis  (x10%)? epididymis®  (x10°)?
98.7% No 0 NA 0
0% No 26 38% 9.9
0.0% No 0.6 11% 0.07
0.9% Yes 4.7 0% 0
0.4% Yes 0.9 0% 0
0.1% No 13 61% 7.9

“No differences were observed between hormone treatment groups (t test, p > 0.05).

PMeasurements include scrotal wall thickness
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FIGURE 3 Spermatogenic endpoints in individual monkeys.
Testis weights (A), tubule differentiation indices (B), and yield of
spermatozoa from the cauda epididymis (C) are shown for the
monkeys treated with GnRH-ant (hatched bars) and those receiving
only sham injections. Testes with abnormal tubules (dilated or de
novo) are indicated in (B). The portion of the columns filled with
green in (C) shows the numbers of spermatozoa that were donor
derived

addition, two monkeys (#094 and #122) displayed irregular tubule-
like cords, as will be discussed below.

Epididymal sperm counts in five of the monkeys varied between
0.6 and 26 x 10% one monkey (#092) had no spermatozoa in the
epididymis (Figure 3C; Table 2). As expected, there was a perfect
positive correlation between the cauda epididymal sperm count and
the TDI (Spearman coefficient 1.0, p < 0.01) among the different an-
imals. Microsatellite analysis revealed that, in three of the recipient
monkeys, 61%, 38%, and 11% of the epididymal spermatozoa were
of the donor genotype, but in the other two of the monkeys with
epididymal spermatozoa, there were no donor-derived spermatozoa
(Table 3; Figure S5). The monkeys with 61% and 38% donor sper-
matozoa had high epididymal sperm numbers, with 8 and 10 million
donor spermatozoa, respectively, indicating the potential for fertility
preservation.

We next assessed the factors that might be responsible for the
variability in the success of the transplantation as measured by the
numbers of donor spermatozoa in the epididymis (Table 2; Figure 3).
The GnRH-ant treatment before transplantation had no significant

effect on donor spermatogenic output (t test p > 0.6). The numbers

of donor cells injected and donor cell viability were unrelated to the
extent of donor spermatogenesis (Spearman correlation, p > 0.9).
However, there were trends or significance that the testis volume
(p = 0.02) and serum T (p = 0.08) measured at the time or second
irradiation (8 weeks before transplantation) and the transplantation
efficiency score (p = 0.14) were positively related to the numbers of
donor spermatozoa in the epididymis. For instance, the two mon-
keys with a transplantation score of five had the highest numbers
of donor spermatozoa in their epididymis. On the other hand, the
presence of dilated tubules (p = 0.04) and the irregular tubule-like
cords (p = 0.15) appeared to be negatively related to the success of
the transplantation. Testicular damage from the first irradiation, as
evidenced by small testis volumes and low levels of serum T in mon-
key #092, likely contributed to the dilated tubules and extremely
low levels of both endogenous and donor spermatogenic recovery
observed in this monkey at tissue harvest.

The irregular tubule-like cords observed in monkeys #094 and
#122 appeared to be identical to the de novo tubular cords we have
described previously (Figure 6A,B).Y These abnormal cords filled an
estimated 1.5-4.2% of the testis volume. They possessed incomplete
basal laminae and contained germ cells up to and including round
spermatids and, although rarely, mature spermatids (Figure 6B).
Immunostaining for Vasa and acrosin confirmed the identification
of germ cells and spermatids, respectively, in these cords (data not
shown). In both of these cases, these cords were observed in the
interstitium adjacent to the rete testis (Figure 6C). Microsatellite
analysis of the DNA extracted from the regions containing these ab-
normal cord structures showed 65% and 80% of donor genotypes in
the two monkeys (Table 3), confirming that they indeed originated de
novo from transplanted donor cells (Figure S6). The remaining per-
centages were likely contributed mostly by the recipient interstitial
cells in addition to any possible minor contaminants from the endog-

enous tubular area.

3.3 | Intracytoplasmic Sperm Injection
(1CSI) Results

To test whether the donor-derived spermatozoa obtained after
transplantation were functional, we injected the cryopreserved
spermatozoa from the recipients into in vivo matured rhesus oo-
cytes. A total of 85 ova were injected with spermatozoa from recipi-
ents #124 and #114; 14 developed into zygotes (16% of injected ova)
and were maintained for 8 days in culture (Table S2). Six reached the
compact morula stage (Figure 7A) and one reached early blastocyst.
In the first set of injections using the epididymal spermatozoa from
recipient #124, which had 61% donor contribution, four embryos
were successfully genotyped by microsatellite analysis and two had
the paternal genotype of the transplant donor and two had the gen-
otype of the transplant recipient (Table S2; Figure 7B). These results
confirmed that the spermatozoa produced from the transplanted
SSCs are fertilization competent and can produce embryos. Three

embryos from the second set of injections were transferred into
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FIGURE 4 Testis histology at tissue
harvest, 44 weeks after transplantation.
(A) Most tubules only contain Sertoli
cells (B) Normal Sertoli-only tubules (*)
and tubules showing regeneration of
spermatogenesis (1). Note that the Sertoli
cells in normal tubules have columnar
appearance with a small lumen often with
the presence of cytoplasmic processes.
(C-F) Abnormal dilated Sertoli-only
tubules (f) with low epithelial heights and
large empty lumens and some adjacent
normal Sertoli-only tubules (*). Monkey
numbers are indicated beside panels.
Scale bars: (A): 200 um; (C, E): 100 um;
(B,D,F): 50 um
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FIGURE 5 Histology of the testis of a monkey that showed donor-derived spermatozoa in the epididymis. Representative PAS-
hematoxylin-stained testis sections at the end of the study from monkey #114. Tubules showing differentiating germ cells in (A) are
indicated by asterisks. Note the presence mature spermatids (arrows in C) indicating complete spermatogenesis. Scale bars: (A): 200 pum;

(B): 50 um; (C):10 um

timed recipients (Supporting Methods), but no pregnancies were
established. In the third set of injections, when the recipient (#114)
with 38% donor spermatozoa was used, embryo genotyping was
successful in four embryos; two had developed parthenogenetically,
and two were derived from endogenous spermatozoa produced by
the recipient male. It was not known why embryo development was
suboptimal and no pregnancies were achieved; it was not specific
to possible quality problems with the donor-derived spermatozoa,
since ICSI with spermatozoa derived from endogenous SSC did not
yield any better results.

4 | DISCUSSION

The most important finding in the current study was that, in a model
that closely relates to gonadotoxic cancer treatment before puberty
and transplantation of prepubertal testis cells back into the testis
after puberty, significant donor-derived spermatogenesis was ob-
tained in three out of six monkeys. In two of these monkeys, 13 and
26 million spermatozoa were recovered from the cauda epididymis
and 61% and 38% of these spermatozoa, respectively, were donor
derived. The high percentages of donor spermatozoa demonstrate
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TABLE 3 Microsatellite analysis of the cauda epididymal spermatozoa, or testicular cells (retrieved from regions of the section suspected
to contain de novo cords), from testicular irradiated monkeys transplanted with testicular cells containing SSCs

Percentage of donor genotype transplanted

Recipient Donor
monkey monkey Epididymal Testicular cells from Unique microsatellite
Treatment groups number number spermatozoa suspected de novo region loci analyzed
No GnRH-ant control 092 120 No spermatozoa No de novo NA
114 094 377s+x1.2 No de novo D2S1333, D351768,
D452365, D65S501
120 124 10.7+0.3 No de novo D251333, D351768,
D6S501, D1152002
GnRH-ant 094 122 0 65.1+ 0.8% D2S1333, D351768,
D6S501, D75794
122 092 0 80.4+ 1.6% D2S1333, D351768,
D6S501, D8S1106
124 114 61.1+2.0% No de novo D351768, D452365,

D1152002, D125364

Note: Wherever chimerism was observed, the percent donor DNA was calculated from the heights of donor and recipient peaks, and the results are

averages and SEM of analyses of at least 4 microsatellite loci.
Abbreviation: NA, Not applicable.

FIGURE 6 (A) Region of irregular de novo tubular cords with interspersed endogenous Sertoli cell-only tubules (*). De novo cords with
spermatogenic development to the spermatocyte (1) and spermatid (}) stages are indicated. (B) Higher magnification of region from (A)
showing round spermatids (arrowheads) and elongated spermatids (arrows). (C) Region of de novo cords (DN) showing that it is adjacent to
the rete testis area. Interspersed normal tubules that are Sertoli cell-only (*) and with recovery spermatogenesis () are indicated. Scale bars:

(A &B): 50 um; (C): 200 um

the success of the transplantation. The observation that the tubule
differentiation indices in these two monkeys were 28% and 33%,
respectively, as compared to 0.03-20% in the remaining four mon-
keys, supports the conclusion that this was a result of enhanced
donor cell colonization. A third monkey had 11% donor representa-
tion in the epididymal spermatozoa, but there were only 0.6 million
spermatozoa.

Comparison with previous studies (Table 4) emphasizes that this
is the only study in which some of the gonadotoxic treatment was
delivered prepubertally, and the transplantation was done after pu-
berty, which will most likely be the clinically used strategy in humans.
Unfortunately, because the 6.9-Gy radiation dose was insufficient
for the desired level of SSC depletion in the prepubertal testis, it was
also necessary to give another radiation dose after they reached pu-
berty, which deviates from the usual clinical scenario. Nevertheless,
the result that three of six recipient monkeys produced donor sper-

matozoa is within the range of most of the previous studies.

It is important to determine what specific factors might be asso-
ciated with good colonization with donor cells. The effect of GnRH-
ant treatment on the presence and yield of donor spermatozoa was
evaluated. Whereas two of the three control monkeys not treated
with GnRH-ant produced donor spermatozoa, only one of the three
GnRH-ant-treated monkeys produced donor spermatozoa (Table 2),
and we concluded that overall the GnRH-ant treatment showed no
correlation with spermatogenic recovery from donor SSCs. This
result is similar to that observed recently in a study involving al-
logeneic transplantation in rhesus monkeys,2 but differs from the
stimulation of recovery of donor spermatogenesis by GnRH-ant
treatment observed earlier in a study involving autologous trans-
plantation in cynomolgus macaques (Table 4).* The inability to see
any favorable effects of GnRH-ant in these allogeneic transplanta-
tion studies might be due to a possible enhancement of immune re-
sponses when testosterone is suppressed,34 resulting in the immune

suppression being inadequate. This possibly could offset any benefit
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FIGURE 7 Embryo produced by ICSI
with epididymal spermatozoa from a
monkey (#124) with high percentage of
donor-derived spermatozoa. (A) Compact
morula resulting from in vitro culture of
the fertilized oocyte. (B) Microsatellite
DNA analysis of one donor-derived
embryo and comparison with the oocyte,
SSC donor and recipient male profiles.
Alleles specific for the oocyte donor
(represented by purple font and arrow),
transplant donor (represented by black
font and arrow), and transplant recipient
(represented by green font and arrow)
are indicated on the electropherogram
panels. The presence of the alleles at 201
and 292 nucleotide pairs in the embryo
demonstrates the paternal origin as being
from the donor

(A)

Compact Morula
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the hormone and immune suppression might have on colonization
and recovery, but could also be a result of the species difference.

The effect of the efficiency of the filling of seminiferous tubules
with the donor cell suspension on the production of donor sperma-
tozoa was assessed. The two cases with a transplantation efficiency
score of five resulted in the highest levels of donor spermatozoa in
the epididymis. Although these data suggested a trend that trans-
plantation efficiency was important for the success of the trans-
plant, the correlation was not statistically significant (p = 0.14). A
similar trend toward higher donor sperm production with better
transplantation efficiency was also observed in our previous study,2
and when we combined the data of both studies, the association
was highly statistically significant (Spearman's correlation, p = 0.58,
p = 0.006). Thus, efficient transfer of the injected cell suspension to
the seminiferous tubules is indeed an important factor in successful
transplantation.

The characteristics and functional integrity of the recipient testis
may be factors in the ability to colonize, especially after the dam-
aging prepubertal cytotoxic treatment.®® Both the serum T levels
and testis volumes, measured at the time of the second irradiation,
8 weeks before transplantation, seemed to be correlated with the
donor sperm production. The serum T level is a measure of puber-
tal development and testis volume is a measure of both pubertal
development and recovery of spermatogenesis after the first irra-
diation. These results indicate that success from transplantation is
dependent on the somatic cells of the testis going through relatively
normal pubertal development despite the prepubertal irradiation.
Further studies of transplantation are needed with a model of more

complete spermatogenic cell depletion, because the transplantation
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is only needed when there is a failure of endogenous spermatogenic
recovery.

Also, the presence of dilated tubules, observed in the final his-
tological samples taken 10 months after transplantation, was nega-
tively correlated with the yield of donor spermatozoa and appeared
to be a factor limiting the development of donor spermatogenesis.
Whereas in previous studies we have never observed such structural
damage to the seminiferous tubule from 7 Gy testicular irradiation
of adult monkeys,?** four of the six monkeys receiving 6.9 Gy pre-
pubertally had dilated tubules in the final histological sample taken
10 months after transplantation, and in one (#092) of them, nearly all
the tubules were dilated. It is likely that this was due to damage in-
curred from the first dose of 6.9 Gy since this monkey failed to show
the increase in testicular volume (Figure S3A) that would be ex-
pected from maturation of the somatic elements of the testis during
puberty. Dilated tubules in adult rhesus monkeys after prepubertal
irradiation had also been observed previously, but no dose-response
was reported,’’ and we have also observed such tubule dilation (7%,
24%) in two rhesus monkeys that had received only 1 dose of 6.9 Gy
before puberty (data not shown). The immature Sertoli cells in pre-
pubertal testis, which are expected to be still proliferating,®® are
likely one of the targets for such sensitivity of the somatic structure
of the testis in these juvenile monkeys. Future studies of molecular
markers of Sertoli cell functional status in such cases are important
for further development of SSC transplantation.

It has been suggested that it might be possible to restore tubular
function and the SSC niche by donor Sertoli cells, as was demon-
strated after chemical ablation of Sertoli cells in mice.®” Our previ-

ous studies %8 showed that transplanted donor Sertoli cells colonized
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TABLE 4 Comparison with Previous Studies of Spermatogonial Stem Cell Transplantation in Non-human Primates
Enhanced
Age recovery in

Species of Cytotoxic Age Donor Donor transplant Donor Percent
Macaque Recipient Prep Treatment Transplant SSCs Marking testis® Spermatozoa® Donor (%) Reference
Cynomolgus Irradiation (2 Gy) Adult Adult Autologous None 2/5 NDP - - 43
Rhesus Irradiation (10 Gy)  Prepubertal Prepubertal Autologous None 1/4 NDP - - 20
Rhesus Irradiation (10 Gy) Pubertal Pubertal Autologous None 0/2 NDP - - 20
Rhesus Busulfan (8-12 mg/  Prepubertal Prepubertal® Autologous Lentivirus NAY 3/5 == =

kg)
Rhesus Busulfan (8-12 mg/  Adult Adult Autologous Lentivirus NA® 9/12 - - 8

kg)
Rhesus Busulfan (8-11 mg/  Adult Adult Allogeneic  Microsatellites NR® 2/6 10,1.1 B

kg)
Cynomolgus Irradiation (7 Gy) Adult Adult Autologous Lentivirus 2/118 6/12" - - 14
Rhesus Irradiation (7 Gy) Adult Adult Allogeneic  Microsatellites 2/15' 5/15) 93,84,1.7, ?

04,10
Rhesus Irradiation (6.9+7 Gy) Prepubertal Adult Allogeneic  Microsatellites NA 3/6% 61,38,11 Present
& Adult Study

@ Number positive results/number transplanted.

b ND: Not detectable because autologous transplantation was done with unmarked cells.

¢ Transplantation was done 9-15 weeks after busulfan treatment. The pubertal status at this time was not reported.

4 NA: Not applicable because all or nearly all of the recipients were hemicastrated.

¢ NR: Not reported.

f 6.9 Gy was given prepubertally and an additional 7 Gy was given after puberty because of recovery of spermatogenesis.

8 2/6 for GnRH-ant-treated, 0/5 for no GnRH-ant.
P 5/6 for GnRH-ant-treated, 1/6 for no GnRH-ant.
71/10 for GnRH-ant-treated, 1/5 for no GnRH-ant.
13/10 for GnRH-ant-treated, 2/5 for no GnRH-ant.
k1/3 for GnRH-ant-treated, 2/3 for no GnRH-ant.

irradiated rat tubules but did not restore the somatic environment to
support differentiation of endogenous spermatogonia, which were
otherwise blocked from differentiation. Although transplantation of
Sertoli cells as a niche replacement strategy may be beneficial to
enhance recovery from transplanted cells in prepubertally irradiated
monkeys, we as yet have no data as to whether or not the rhesus
Sertoli cells in the transplantation suspension colonize the tubules
of these irradiated monkeys.

However, in two of the six recipients, we observed the formation
of de novo tubular cords containing somatic and germ cells, derived
from the donor, in the interstitial space (Figure 6). This result extends
our previous observation on a single-irradiated adult monkey trans-
planted with prepubertal testis cells in which we confirmed that
both germ and somatic components of the de novo tubules were of
donor origin,17 As was the case in the previous study, the ultrasound
visualization of the transplantation demonstrated that the cells were
indeed injected into the rete testis and entered the tubules (trans-
plant efficiency score 24) (Table 1). However, various studies have
shown that even when injection is done into the rete, there is sig-
nificant leakage of the cells to the interstitium.3?*° The location of
de novo cords adjacent to the rete testis suggest that the rete itself

may be the source of the leakage. Based on the observation that all

three monkeys, in which we observed de novo cords in the intersti-
tium, were treated with GnRH-ant, we suggest that the hormone
suppression might increase the leakage of transplanted cells into the
interstitium and/or create an environment favorable to the develop-
ment of these de novo cords. It was noteworthy that none of these
three monkeys showed any evidence of donor spermatozoa in the
epididymis, indicating that there was no intratubular development
of transplanted cells. Although the leakage and formation of de novo
cords in the interstitium appears negatively correlated with intratu-
bular donor spermatogenesis, the production of donor spermatozoa
in these cords potentially can be used for fertilization. Thus, if the
seminiferous tubules do not support donor spermatogenesis from
the cryopreserved SSCs due to endogenous Sertoli cells rendered
defective by gonadotoxic therapies, spermatogenesis from such
de novo derived cords may be an alternative strategy for fertility
preservation.

Since there have been no reports as to whether chemotherapy
treatment also results in similar damage to the Sertoli cells, we re-
analyzed the testicular tissues from a previous study,'® in which five
prepubertal monkeys were treated with 8-12 mg/kg busulfan when
they were prepubertal and then given autologous transplantation of

lentivirus-transduced testicular cells. There were no dilated tubules
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nor any morphological abnormalities in these testes that were
harvested about 3 years after busulfan exposure. Even in the few
Sertoli-only tubules, the Sertoli cells had a regular columnar appear-
ance. However, it should be noted that even at these high doses of
busulfan, 97% of tubules showed recovering spermatogenesis, 83%
of which progressed to the spermatid stage. Most of this recovery
must be from endogenous surviving SSC since two of the monkeys
were negative for production of lentivirus-marked spermatozoa.
This is in contrast to our results with two prepubertal monkeys (not
shown) irradiated with 6.9 Gy that showed spermatogenic recovery
in only 33% of tubules at 2 years after irradiation. Thus, although
busulfan does not produce the damage to the somatic testis tissue
that irradiation does, busulfan in not as effective at producing pro-
longed loss of spermatogenesis in prepubertal animals. Since even
6.9 Gy did not fully eliminate endogenous spermatogenesis, there is
a need for a better model that would kill SSCs with minimal somatic
testicular tissue damage.

In conclusion, we have demonstrated that SSC transplanta-
tion after puberty can restore spermatogenesis and fertilization-
competent sperm production after prepubertal and post-pubertal
irradiation and have characterized the factors that may be related
to the success of the technique. Particularly the precise delivery of
cells and filling of tubules at the injection appears to be an import-
ant factor. However, complete depletion of germ cells without caus-
ing somatic damage was not possible with single doses of radiation
during the prepubertal period and improvements in the treatment
paradigm are necessary. Since the spermatogenic function of the
human testis is more sensitive to fractionated doses of radiation *!
or combining radiation with alkylating agents, such as busulfan,*?
than to single doses of radiation, these may be better models to
deplete the germ cells. It is hoped that these procedures will more
closely model the cohort of patients treated prepubertally with go-
nadotoxic cancer therapies, who have normal tubular somatic cells
but with spermatogenic depletion, and are in need of fertility pres-

ervation procedures.
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Triptonide is a reversible non-hormonal male
contraceptive agent in mice and non-human
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There are no non-hormonal male contraceptives currently on the market despite decades of
efforts toward the development of “male pills”. Here, we report that triptonide, a natural
compound purified from the Chinese herb Tripterygium Wilfordii Hook F displays reversible
male contraceptive effects in both mice and monkeys. Single daily oral doses of triptonide
induces deformed sperm with minimal or no forward motility (close to 100% penetrance)
and consequently male infertility in 3-4 and 5-6 weeks in mice and cynomolgus monkeys,
respectively. Male fertility is regained in ~4-6 weeks after cessation of triptonide intake in
both species. Either short- or long-term triptonide treatment causes no discernable sys-
tematic toxic side effects based on histological examination of vital organs in mice and
hematological and serum biochemical analyses in monkeys. Triptonide appears to target
junction plakoglobin and disrupts its interactions with SPEM1 during spermiogenesis. Our
data further prove that targeting late spermiogenesis represents an effective strategy for
developing non-hormonal male contraceptives.
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ARTICLE

verpopulation and unintended pregnancy underscore a

critical need for next-generation contraceptives that

should be safe, convenient, effective, affordable, and
acceptable to people of various cultural and religious back-
grounds. Among all of the currently available contraceptives,
“oral pills” remain the most popular method!. However, con-
traceptive pills are now only available for women. Despite five
decades of efforts, there remain no nonhormonal male birth
control pills on the horizon. Failure to develop nonhormonal
male contraceptives stems, in part, from our incomplete under-
standing of spermatogenesis and sperm biology. For example,
many believe that male pills should suppress sperm counts to very
low or even zero to prevent pregnancy. However, a total blockage
of sperm production requires the depletion of spermatogenic
cells, which often causes testis shrinkage, an undesirable effect
that may deter its usage. Moreover, germ cell depletion alters the
cellular composition and microenvironment in the testis, which,
in turn, tend to trigger the hypothalamus-pituitary-testis feed-
back system, leading to systematic side effects?3. Therefore, it
remains challenging to identify a compound which can eliminate
all sperm without causing toxic side effects. We proposed a
strategy for developing male contraceptives, i.e., disabling, instead
of depleting, spermatogenic cells or sperm by causing sperm
deformation and/or dysfunction?. This idea was inspired by
several decades of studies on genes encoding proteins exclusively
expressed in elongating and elongated spermatids, e.g., Prml,
Tnpl, Speml, Catsperl-4, Meigl, etc., using gene knockout (KO)
mouse models?. Although many of these KO males are com-
pletely infertile, their testis weight, sperm counts, and even tes-
ticular histology are largely normal, and infertility of these mice
results from either sperm deformation (e.g., teratozoospermia in
SpemlI- or Meigl-null mice)’, or lack of functional components
(e.g., absence of an ion channel in Catsper3- or Catsper4-null
sperm)®’. Given that proteins encoded by these genes are
exclusively expressed in late spermatids, these KO studies strongly
suggest that late spermiogenesis appears to lack a stringent
“checkpoint” for eliminating defective late spermatids*. Conse-
quently, there are typically no histologically discernable disrup-
tions in the seminiferous epithelium although defective sperm are
made in these KO mice. The lack of such a “quality control”
mechanism in late spermiogenesis is also supported by the fact
that a significant proportion of spermatozoa collected from the
mouse epididymis (~20-30%) or human ejaculates (30-40%)
are immotile and/or morphologically abnormal®?®. Based on these
observations, we proposed that gene products (e.g., proteins and
RNAs) that are exclusively expressed in late spermatids and play
an essential role in normal sperm production and male fertility
represent ideal male contraceptive targets because a drug that acts
on these targets would cause deformed and/or nonfunctional
sperm that are incompetent for fertilization without causing
significant decrease in either testis size or sperm counts®.

With this idea in mind, we embarked on an extensive search
for known drug candidates that have been documented to cause
sperm deformation as a side effect. During this process, we
identified triptonide, a compound purified from the extracts of a
Chinese herb called T. wilfordii Hook F (Supplementary Fig. 1), as
a promising nonhormonal male contraceptive agent. This herb
has been used for more than two centuries in traditional Chinese
medicine to treat a variety of autoimmune and inflammatory
diseases, including rheumatoid arthritis!%!1, However, it was first
reported in 1983 that men taking this herbal mixture as medicine
for an extended period (>3 months) displayed infertility due to
deformed sperm and reduced sperm counts and motility!2. Since
then, researchers have been isolating and testing compounds
purified from this herb, in the hope of identifying compounds
that have “antisperm effects”2-18, To date, hundreds of

individual compounds have been purified from this herb,
including triptolide, tripdiolide, triptolidenol, tripchlorolide,
16-hydroxytriptolide, triptonide, and many more!®. In particular,
several initial studies on two of these compounds—triptolide and
tripchlorolide—reported severe liver toxicity and limited rever-
sibility of male fertility at doses that can effectively reduce sperm
count and motility?0-24, Reversibility of the contraceptive effect
and minimal side effects are two essential properties for a good
oral male contraceptive. Without these properties, candidate
drugs cannot be developed. This limitation may partially explain
why the remaining compounds, including triptonide, have not
been further explored for their male contraceptive potential.
Given the well-documented sperm deformation effects induced
by this herb, we decided to examine ten other compounds, aiming
to identify one that can induce sperm deformation and male
infertility without deleterious side effects. Among the compounds
tested, we found that triptonide displayed almost ideal contra-
ceptive effects in male mice, including excellent bioavailability
allowing for oral administration, initial male infertility achieved
by 3-4 weeks of daily oral treatment, sustained infertility in male
mice maintained on the same dose for months, and reversal from
infertile to fertile states in ~3-4 weeks after cessation of the
treatment. Importantly, we observed no discernable deleterious
effects, such as organ toxicity. Therefore, we proceeded and
conducted the comprehensive proof-of-concept (POC) efficacy
testing using triptonide on both mice and cynomolgus monkeys
(Macaca fascicularis), and also attempted to identify its specific
target(s) and mechanism(s) of action. Here, we report our data
on the discovery of triptonide as an efficient, reversible male
contractive agent in both mice and nonhuman primates. Based
on the initial efficacy and safety data reported here, triptonide has
the potential to become a promising nonhormonal male con-
tractive agent.

Results

Oral administration of triptonide causes male infertility due to
deformed sperm and reduced motility in mice. As a pilot effi-
cacy test, we first administered triptonide at five doses (0.1, 0.2,
0.4, 0.8, and 1.6 mg/kg BW) via oral gavage to adult male mice
(C57BL/6]) at the age of 8-12 weeks. Mice from each dosing
group were sacrificed weekly to examine both morphology and
motility of epididymal sperm, as well as testicular histology for up
to 6 weeks. We found the shortest time to achieve close to 100%
sperm deformation characterized by head-bent-back and a
complete lack of forward motility was between weeks 3 and 4 at
the dose of 0.8 mg/kg BW or higher (Fig. la—e and Supplemen-
tary Movies 1 and 2). The pilot experiments were repeated two
more times, and the same results were obtained. Thus, ~4 weeks
of oral intake of triptonide at single daily doses of 0.8 mg/kg BW
induce sperm deformation and loss of forward motility with close
to 100% penetrance in adult male C57BL/6] mice. The “head-
bent-back” phenotype in triptonide-treated sperm appeared to be
homogenous and highly resembled the phenotype of SpemI KO
sperm®. Transmission electron microscopic analyses confirmed
that the sperm heads of triptonide-treated sperm were mostly
bent at the connecting piece, and the bent head and neck were
wrapped by residual cytoplasm (Fig. 1c). Moreover, scanning
electron microscopic analyses revealed that testicular sperm
already displayed the “head-bent-back” phenotype within the
seminiferous epithelium, suggesting that the defects arise during
spermatogenesis within the testis (Fig. 1c). In the official POC
efficacy testing, after single oral daily doses of 0.8 mg/kg BW for
4 weeks, each of the treated male mice (n = 12) was mated with
two fertility-proven female mice. While vaginal plugs were found
in all of the females mated with the triptonide-treated male mice,
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Fig. 1 Proof-of-concept efficacy testing of male contraceptive effects of triptonide in mice. a Representative histology of the testis, epididymis, and
sperm from mice that received vehicle (control) and triptonide (treated) at single daily oral doses of 0.8 mg/kg BW for 4 weeks, and those recovered for
4 weeks after 4 weeks of triptonide treatment. Scale bars = 20 um. Insets represent digitally enlarged framed areas. b Representative images of the gross
morphology of sperm (upper panels, scale bars =10 pm), testis, and epididymis (lower panels, scale bars =20 mm) from mice that received short-term
(27 days) and long-term (3 and 6 months) treatment with triptonide at single daily oral doses of 0.8 or 1.6 mg/kg BW, and those recovered for 45 days
after 4 weeks of triptonide treatment. ¢ Micrographs showing spermatozoa from triptonide-treated and control male mice. Bending of sperm heads occurs
inside the seminiferous tubules of triptonide-treated male mice, as revealed by scanning electron microscopy (SEM; scale bar =2 um). Transmission
electron microscopy (TEM) shows residual cytoplasmic contents (*) surrounding the bent sperm head and tail (arrows; scale bar =1um). d Effects of
different doses of triptonide (single daily oral gavage for 4 weeks) on sperm morphology in adult C57BL/6J male mice. Individual data points and mean
(measure of center) £ SEM (error bars) are shown. **p <0.07; ***p < 0.001, as determined by one-way ANOVA with dosing groups (n=4) compared to
the vehicle control group (n = 6). e Effects of different doses of triptonide (single daily oral gavage for 4 weeks) on total and forward sperm motility in adult
C57BL/6J male mice. Individual data points and mean (measure of center) £ SEM (error bars) are shown. p<0.0001, as determined by one-way
ANOVA with dosing groups (n = 4) compared to the vehicle control group (n = 6). f-h Effects of different doses of triptonide (single daily oral gavage for
4 weeks) on sperm counts (f), relative testis weight (testis weight x 1000/body weight) (g), and body weight (h) in adult C57BL/6J male mice. Individual
data points and mean (measure of center) + SEM (error bars) are shown. Sample sizes are marked in brackets. No statistical significance (n.s.) among the
groups based on one-way ANOVA analyses. i-l Effects of triptonide (single daily oral dose of 0.8 mg/kg BW for 4 weeks) on intratesticular testosterone
(i), serum testosterone (j), FSH (k), and LH (I) levels in adult C57BL/6J male mice. Individual data points and mean (measure of center) + SEM (error bars)
are shown. Sample sizes are marked in brackets. No statistical significance was detected between the control and treated groups based on one-way
analyses of variance (ANOVA) with p < 0.05 considered statistically significant.
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none of the plugged females became pregnant. In contrast, female
mice mated with vehicle control male mice (n=12) were all
pregnant. This was not surprising given that sperm in the treated
mice were all deformed and displayed minimal or no forward
motility (Fig. 1d, e). During the 4-week long triptonide treatment,
no significant changes in either sperm counts, or testicular weight
(Fig. 1f, g) were observed. Moreover, triptonide treatment did not
change the body weight at any of the doses tested (Fig. 1h). To
exclude the possibility that the male contraceptive effects were
strain-dependent, we also tested triptonide on CD-1 mice by
administering a daily oral dose of 0.8 mg/kg BW for 4 weeks. A
similar phenotype was observed in the CD-1 mice (Supplementary
Fig. 2).

gAt the end of the 4-week long triptonide treatment, we
analyzed hormonal profiles and found no significant changes in
the levels of FSH, LH, or testosterone (both serum and

intratesticular; Fig. 1i-1). Consistent with the normal hormonal
profiles, no gross or histological abnormalities were observed in
the testis or epididymis (Fig. 1a, b). Either at the end of or during
the treatment, male mice displayed frequent mounting behavior
and successfully mated with adult female mice primed with
PMSG and hCG, suggesting no adverse effects on mating
behavior or capability. Examination of histology of major organs,
including heart, liver, spleen, lung, and kidney revealed no
pathological changes (Supplementary Fig. 3). Moreover, no
discernable physical and behavioral abnormalities were observed
among the treated mice. Taken together, these results suggest that
a short-term oral intake of triptonide at a dose of 0.8 mg/kg BW
causes no systematic toxic effects in major somatic organs in
adult C57BL/6] male mice.

We also conducted long-term triptonide treatment using single
daily oral doses of 0.8 mg/kg BW for 3 and 6 months, respectively
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(Supplementary Movies 3-4). All 16 male mice tested (8 in each
group) became infertile after 4 weeks, and infertility persisted
between week 4 and the third or sixth month of treatment, as
evidenced by the fact that none of the 32 fertile adult females
placed into the individually housed, treated male mice (2 females
per male) became pregnant. Further examination revealed a
similar phenotype between long- (3 or 6 months) and short-term
(4 weeks) treatment with triptonide (Fig. 1b). Similarly, no
discernable toxic effects were observed in the mice that had
undergone the long-term treatment of triptonide.

The sperm from triptonide-treated male mice cannot fertilize
eggs either naturally or through in vitro fertilization due to
deformation and a lack of forward motility. To test the fertility
competence of sperm from triptonide-treated male mice, we
conducted intracytoplasmic sperm injection (ICSI) by injecting
the deformed sperm heads from triptonide-treated male mice
(single daily oral doses at 0.8 mg/kg BW for 4 weeks) into WT
MII oocytes. Interestingly, while the triptonide-treated sperm
could fertilize the MII oocytes, the developmental potential of
early embryos derived from the triptonide-treated sperm was
significantly reduced compared to controls (Supplementary
Table 1). Moreover, no pups were born after the embryos of 2-
pronucleus (2PN) stage were transferred to recipient females,
whereas a significant proportion (~15%) of the control 2PN
embryos developed to full term and live pups were born in
controls (Supplementary Table 2). These data suggest that
triptonide-treated sperm may not be competent to support full-
term development in mice.

Oral administration of triptonide causes male infertility in
cynomolgus monkeys. To test whether triptonide would exert the
same male contraceptive effects in primates, we also conducted
POC efficacy testing using adult male cynomolgus monkeys. To
determine the minimal effective dose, we first conducted a pilot
study by treating four adult male cynomolgus monkeys with
single daily oral administration of triptonide at the following four
doses: 0.05, 0.1, 0.2, or 0.8 mg/kg BW. Semen samples were col-
lected weekly, and sperm counts, motility, and morphology were
analyzed to monitor the effects. We observed that single daily oral
doses at 0.1 mg/kg BW or above resulted in oligo-astheno-
teratozoospermia (OAT; Supplementary Fig. 4), characterized by
sperm deformation (headless/tailless sperm, sperm with large
cytoplasmic droplets, sperm with heavily coiled tails, etc.),
minimal or no forward motility, and gradually reduced sperm
counts after 5 weeks of triptonide treatment (Supplementary
Movies 5 and 6). After a period of 3 months for drug “washout”,
these monkeys were retested using the same protocol, and the
same results were obtained, i.e., single daily oral intake of trip-
tonide (0.1 mg/kg BW) for 5 weeks caused OAT in adult male
cynomolgus monkeys. Hence, the dose of 0.1 mg/kg BW was used
for subsequent testing of short- and long-term male contraceptive
efficacy of triptonide, as well as fertility reversibility.

In the short-term (8 weeks) POC efficacy testing, while vehicle-
treated control monkeys displayed normal sperm counts,
morphology, and motility (Fig. 2a-d), all of the seven adult male
monkeys treated with triptonide showed deformed sperm (>95%
deformation rate; Fig. 2a, b) with severely compromised forward
motility (Fig. 2¢; Supplementary Movies 7 and 8), and
progressively reduced sperm counts (Fig. 2d). It is noteworthy
that although the sperm counts in triptonide-treated male
monkeys appeared to be reduced with time, the differences
between treated and control groups did not reach statistical
significance, probably due to great variations among samples
collected at different timepoints and the limited number of
monkeys analyzed. Consistently, testicular biopsies revealed that

elongating and elongated spermatids were largely absent, while
other spermatogenic cells appeared to be normal in the
seminiferous epithelium of treated monkey testes (Fig. 2e). As
control, the testes from vehicle-treated monkeys showed robust
spermatogenesis, with all types of spermatogenic cell present in
the seminiferous epithelium (Fig. 2e). No significant decrease
in testicular volume was observed between control and
triptonide-treated groups (Supplementary Fig. 5). During the
8-week long treatment, weekly blood biochemical analyses revealed
no major changes in hormonal (LH and testosterone) levels
(Supplementary Fig. 6), blood chemistry (Supplementary Fig. 7),
liver (Supplementary Fig. 8), or kidney (Supplementary Fig. 9)
functions, suggesting that oral intake of triptonide at 0.1 mg/kg BW
for 8 weeks causes male infertility without systemic side effects in
adult male cynomolgus monkeys. We also continuously measured
oxygen saturation for the first 7 weeks, and the readings ranged
between 93-98%, and no differences were observed between treated
and control groups (Supplementary Fig. 10).

In the long-term efficacy testing, four male monkeys were
continuously treated with triptonide (at a daily oral dose of 0.1
mg/kg BW) for up to 126 weeks (~2.4 years), and no major health
issues were observed except that all displayed OAT (Fig. 2f-h).
On weeks 8 and 126, each of the control and treated males was
paired with an adult female for 1 week to observe mating
behavior, and the mating frequency appeared to be similar
between the treated and vehicle-treated control groups (Fig. 2i
and Supplementary Movie 9). To test fertility, two males from
either control or treated group were paired with two fertility-
proven females (one male with one female) between weeks 8 and
126. The two females paired with the two triptonide-treated males
never became pregnant, whereas both of the females housed
individually with the two control males did become pregnant. Of
the two females impregnated by the two control males, one
experienced a spontaneous miscarriage at ~3 months of gestation,
and the other gave birth to a healthy male baby monkey at full
term (~5.5 months) (Fig. 2j). These data suggest that the oral
intake of triptonide at a daily dose of 0.1 mg/kg BW can cause
male infertility due to OAT within 8 weeks, and that the effects
can be potentially maintained indefinitely with oral administra-
tion of the same daily oral dose in adult male cynomolgus
monkeys.

Male infertility induced by triptonide is fully reversible in both
mice and cynomolgus monkeys. After 4 weeks of triptonide
treatment with single daily oral doses of 0.8 mg/kg BW, all of the
treated male mice displayed deformed sperm lacking forward
motility with close to 100% penetrance. We then ceased triptonide
treatment and added two to three adult fertility-proven female mice
to each of four cages, where the treated male mice were individually
housed (one treated male per cage). The first litter of pups were
born within 40-45 days in each cage after cessation of triptonide
treatment (Fig. 3a), suggesting that conception occurred between
days 20 and 25 after cessation of triptonide treatment because the
murine gestation length is ~20 days. Similarly, male fertility
recovered within ~20-25 days following cessation of long-term
(3 months) treatment of triptonide in male mice (Fig. 3a). Con-
sistently, sperm morphology and motility returned to normal
within 3 weeks after cessation of either short- (4 weeks) or long-
term (3 months) triptonide treatment (Supplementary Movies 10
and 11). All pups sired by these fertility-recovered male mice were
indistinguishable from those sired by control male mice, and both
litter size and litter interval were comparable between control and
treated males (Fig. 3b).

In POC efficacy testing using cynomolgus monkeys, four adult
male monkeys that had received triptonide treatment for 10 weeks
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Fig. 2 Proof-of-concept efficacy testing of male contraceptive effects of triptonide using cynomolgus monkeys. a Representative images showing
morphology of sperm from cynomolgus monkeys that received vehicle for 10 weeks (control), before and after triptonide treatment (single daily oral dose
of 0.1mg/kg BW for 7 and 15 weeks), or during recovery (6 and 10 weeks after 8 weeks of triptonide treatment). Scale bars = 5 pum. b-d Effects of short-
term (8 weeks) triptonide treatment (single daily oral doses at 0.1 mg/kg BW) on the sperm morphology (b), sperm forward motility (c), and sperm counts
(d) in adult male cynomolgus monkeys. Individual data points and mean (measure of center) £ SEM (error bars) are shown. **p<0.01; ***p<0.001, as
determined by two-way ANOVA with control (n=3) compared to treated (n =7) groups. e Representative testicular histology from monkeys that
received vehicle (control), before and after triptonide treatment (single daily oral dose of 0.1 mg/kg BW for 8 weeks), or recovered from triptonide
treatment (6 weeks after cessation of triptonide treatment). Insets represent digitally amplified, framed areas. Scale bars = 20 um. f-h Effects of long-term
(126 weeks) triptonide treatment (single daily oral doses at 0.1 mg/kg BW) on sperm morphology (f), sperm forward motility (g), and sperm counts (h) in
4 adult cynomolgus male monkeys. i Mating frequency of adult male monkeys that received either vehicle (control) or short-term (8 weeks) and long-term
(126 weeks) triptonide treatment (single daily oral dose at 0.1 mg/kg BW). Individual data points and mean (measure of center) + SEM (error bars) are
shown. Sample sizes are marked in brackets. j Fertility performance of adult male monkeys that received vehicle (control) or triptonide (8-126 weeks), and
those that recovered from 8 weeks of triptonide treatment (single daily oral dose at 0.1 mg/kg BW).

were transitioned to vehicle-only treatments between weeks 11
and 23, and their semen and blood samples were collected weekly
to monitor the recovery process. Semen parameters among the
recovery group reached control levels within 6 weeks after
treatment cessation (Fig. 3c—e, and Supplementary Movies 12
and 13). Consistently, the monkeys recovered from triptonide
treatment showed normal testicular histology (Fig. 2e) and
testicular volume (Supplementary Fig. 5). During the 12-week
long recovery period, weekly blood biochemical analyses revealed
no pathological changes in hormonal (LH and testosterone) levels

and 3g). These results suggest that triptonide-induced male
infertility is effective and reversible in primates.

ECs5, analyses suggest that triptonide is a potent and safe male
contraceptive agent. To further evaluate the potency and safety
of triptonide as a male contraceptive agent, we measured the 50%
effective concentration (ECsq) of triptonide in inducing sperm
motility loss and male infertility in adult C57BL/6] male mice.
Based on the POC efficacy testing results (Fig. 1), adult C57BL/6]

(Supplementary Fig. 6), blood cell counts (Supplementary Fig. 11),
liver (Supplementary Fig. 12), or kidney (Supplementary Fig. 13)
functions. The fertility-recovered males showed normal mating
frequencies (Fig. 3f). Two of the four fertility-recovered male
monkeys were individually paired with two fertility-proven adult
females (one male with one female) for 6 months, and each of the
female monkeys gave birth to a healthy full-term baby (Figs. 2j

male mice of 8-12 weeks of age were treated with triptonide at 6
different doses (0, 0.1, 0.125, 0.2, 0.4, and 0.8 mg/kg BW, p.o.
daily) for 4 weeks. At the end of week 4, sperm motility and
morphology, as well as fertility were analyzed. By plotting sperm
motility against each dose tested, values of the ECs for inhibiting
total and forward motility were determined to be 0.11 and 0.10
mg/kg BW, respectively (Fig. 4a). The most meaningful ECs,
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Fig. 3 Reversibility of triptonide-induced male infertility in adult mice and cynomolgus monkeys. a Male mice treated with triptonide (single daily oral
doses at 0.8 mg/kg BW) for 4 weeks regained their fertility between days 20 and 25 after cessation of the treatment, as demonstrated by the birth of pups
by females mated with previously treated males (single daily oral doses of 0.8 mg/kg BW for 4 weeks). Individual data points and mean (measure of
center) £ SEM (error bars) are shown. Sample sizes are marked in brackets. b Litter size and interval of fertility-proven females mated with control male
mice or those recovered from 1-month triptonide treatment (single daily oral dose at 0.8 mg/kg BW). Individual data points and mean (measure of center)
+ SEM C(error bars) are shown. Sample sizes are marked in brackets. No statistical significance between the control and treated groups based on the
Kolmogorov-Smirnov t test. c-e Recovery of sperm morphology (c), sperm forward motility (d), and sperm counts (e) in adult male cynomolgus monkeys
after 8 weeks of triptonide treatment (a single daily oral dose at 0.1 mg/kg BW). Individual data points and mean (measure of center) £ SEM (error bars)
are shown. **p < 0.05; ***p < 0.01, two-way ANOVA with the recovery group (n =4) compared with the control group (n=3). The exact p values can be
found in the Source data file. f Mating frequency of adult male monkeys that recovered for 8 weeks from triptonide treatment (single daily oral dose at 0.1
mg/kg BW for 8 weeks). Individual data points and mean (measure of center) + SEM (error bars) are shown. Sample sizes are marked in brackets. g A
male baby monkey fathered by an adult male monkey recovered from 8 weeks of triptonide treatment (a single daily oral dose at 0.1 mg/kg BW).

value should be based on the male fertility. To this end, 14 adult
C57BL/6] male mice of 8-12 weeks of age were treated with
triptonide at five different doses (0, 0.1, 0.2, 0.4, and 0.8 mg/kg
BW, p.o. daily) for 4 weeks. After 4 weeks of triptonide treatment,
each male was mated with two to three adult fertility-proven
female mice in three independent experiments, and pregnancy
rates were calculated based on percentage of pregnancies among
all of the plugged females (Supplementary Table 3). The ECs, of
triptonide in causing male infertility was determined to be at 0.09
mg/kg BW (Fig. 4b). The LDs, of triptonide (p.o.) was previously
shown to be 300 mg/kg BW in mice, 980 mg/kg BW in rats, and
3200 mg/kg BW in rabbits (Material Safety Data Sheet from the
Clearsynth Labs Pvt. Ltd; Patent International Publication#: WO/
2016/205539; International Application #: OCT/US2016/037900).
Thus, the ECs5y (~0.1 mg/kg BW) of triptonide is ~1/8 of the
minimal effective dose, and ~1/3000 of the LDs, in mice,

highlighting the excellent potency and safety of triptonide as an
oral male contraceptive agent.

Triptonide does not cause DNA double-strand breaks. A pre-
vious report noted that triptonide may possess DNA alkylating
activity due to its epoxide structure?®. If triptonide alkylates
DNA, it would cause DNA double-strand breaks (DSBs), which
can be marked by yH2AX (the phosphorylation of the histone
H2AX on serine 139)26, a well-known indicator for DNA
DSBs?728. To this end, we performed immunohistochemistry and
western blots to detect yH2AX levels in triptonide-treated mouse
testes (Supplementary Fig. 14). To investigate whether triptonide
causes DNA DSBs in somatic tissues, we also examined levels of
YH2AX in the liver of triptonide-treated and control males
(Supplementary Fig. 14). No significant changes in yH2AX levels
were observed in either the testis or liver, suggesting that
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Fig. 4 The ECs( of triptonide in adult male C57BL/6J mice. a The ECs, of
triptonide in inhibiting sperm total (TM) and forward (FM) motility in adult
male mice. Data points represent mean = SD; n=>5 for doses O, 0.4, and
0.8 mg/kg BW, and n=9 for doses 0.1, 0.125, and 0.2 mg/kg BW. b The
ECso of triptonide in inducing male infertility in adult mice. Data points
represent pregnancy rate, which reflects percentage of pregnancy among
all of the plugged females by the males treated with five doses of triptonide
(0, 0.1,0.2, 0.4, and 0.8 mg/kg BW) for 4 weeks. n =14 for each of the five
doses tested.

triptonide does not cause DNA DSBs. Failed repair of DNA DSBs
is known to cause male germ cell depletion through apoptosis,
and massive apoptosis would cause disrupted spermatogenesis
characterized by multinucleated cells and sloughing of the
damaged spermatogenic cells into the lumen of the seminiferous
tubules?9-31, None of these effects was observed in triptonide-
treated testes, which are, in fact, largely indistinguishable from
control testes (Fig. 1a). Similarly, no compromised liver functions
were detected in the liver panel of blood tests (Supplementary
Figs. 8 and 12). Moreover, these findings are also consistent with
the fact that neither tumorigenesis nor any other deleterious side
effects were observed in any of the triptonide-treated mice or
monkeys that received long-term triptonide treatment (6 months
for mice and >2.4 years for cynomolgus monkeys).

Identification of junction plakoglobin/gamma-catenin as the
candidate target of triptonide. To identify the drug target that
mediates the effect of triptonide treatment, we adopted the drug
affinity responsive target stability (DARTS) assay, which repre-
sents an unbiased approach for the identification of drug
targets3>33. DARTS is based upon the fact that when a compound
binds specifically to its protein target, the presence of the mole-
cule protects a part of the target protein from being hydrolyzed by
proteases (Fig. 5a)3%33. We first performed in vitro DARTS
experiments, where testis lysates were incubated with triptonide
or vehicle (0.01% DMSO) followed by digestion, with either
pronase or thermolysin at different concentrations for variable
lengths of incubation. But we observed no protected protein

bands after polyacrylamide gel electrophoresis (PAGE). We
then investigated an in vivo variation of DARTS by extracting
protein from testis lysates from mice treated with 0.8 mg/kg BW
triptonide or vehicle (control) for 4 weeks. The precipitated
protein was digested with trypsin for various lengths of time
followed by PAGE. On the PAGE gels, one band of ~18 kDa was
consistently seen in the treated, but not in the control, lysates in
two independent experiments (Fig. 5b). Mass spectrometry (MS)
of the band consistently identified four proteins, including keratin
5, junction plakoglobin (JUP; also called gamma-catenin), tubulin
B-4B, and polyubiquitin C. Given that keratins are the most
common contaminants in MS-based proteomic analyses, other
proteins remained the more probable candidate targets.

We then attempted a GlycoLink resin microcolumn-based
affinity purification method (Fig. 5¢). The columns are intended
for attachment of sugar molecules after the cis diols are oxidized
to produce aldehydes, but they also react with ketones via a Schiff
base reaction. The attachment reaction was achieved using an
acidic buffer or an optional 0.2 M carbonate/bicarbonate basic
(pH = 9.4) buffer. Acidic conditions could facilitate attachment of
triptonide to the beads via the ketone or possibly the lactone,
leaving unhindered epoxide groups, whereas basic conditions
may promote binding via one of the epoxide groups. We,
therefore, used both acidic and basic buffers to promote
attachment of triptonide to the beads. A ~60kDa band was
detected in both triptonide and control conditions from both
acid-conjugated and base-conjugated beads (Fig. 5d), but the
bands were much lighter in controls than in triptonide-bound
beads (Fig. 5d), suggesting that the binding might be specific.
The bands were cut out and subjected to MS analyses which
identified ~30 proteins, among which three proteins were also
identified by the DARTS assays, including keratin 5, tubulin {-
4B, and junction plakoglobin/gamma-catenin. To further
validate these results, we attached triptonide to GlycoLink
resin microcolumns using acidic buffer. Control resin was
prepared with no attached triptonide. Total testicular proteins
were then incubated with the triptonide-attached and control
resin. After washing, the eluates were subjected to western blot
analyses using anti-keratin 5 and anti-junction plakoglobin
antibodies. Junction plakoglobin/gamma-catenin was detected
(Fig. 5e), whereas keratin 5 appeared to be negative (Fig. 5f),
suggesting that the binding between triptonide and junction
plakoglobin/gamma-catenin is specific.

Given that triptonide-treated sperm phenocopy SpemI-null
sperm?, characterized by deformed sperm (head-bent-back) with
no or minimal motility, we also adopted a candidate approach to
explore whether SPEMI interacts with any of the proteins
identified to bind triptonide. Protein structural analyses predict
that the N-terminus of SPEMI1 acts as a domain for
protein-protein interactions. Thus, the N-terminal portion of
SPEMI1 (~28a.a.) was synthesized and purified. A biotin was
added onto the C-terminus of this peptide. The biotin-labeled N-
terminal 28 a.a. peptides of SPEM1 were attached to streptavidin
beads, which were then used to probe testicular lysates prepared
from an 8-week-old male mouse (Fig. 5g). Using this method, five
proteins were identified to bind only to the N-terminus peptides,
but not the control beads, including junction plakoglobin/
gamma-catenin, heat shock-related 70 kDa protein 2 (HSP70-2),
L-lactate dehydrogenase C chain (LCDHC), Y-box-binding
protein 2, and retinal dehydrogenase 1. Interestingly, Y-box
protein 2, LCDHC, and retinal dehydrogenase 1 were also
identified to bind triptonide in the GlycoLink bead-based affinity
purification assays (Fig. 5h). Taken together, these observations
indicate that the SPEM1 N-terminus appears to interact with a
number of proteins, including junction plakoglobin/gamma-
catenin. Given that junction plakoglobin/gamma-catenin was
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Fig. 5 Identification of potential target(s) of triptonide in murine testes. a Schematics showing a modified drug affinity responsive target stability
(DARTS) assay used in this study to identify proteins interacting with triptonide. Protein lysates from total testes of adult male mice treated with triptonide
(single daily oral dose at 0.8 mg/kg BW for 4 weeks) were subjected to digestion using different proteinases for various durations. b A representative gel
image (upper panel) showing a specific band of ~18 kDa (red frame) unique to the triptonide-treated testes. The bands were cut out for mass
spectrometry-based protein identification, and the top five hits were listed in the table (lower panel). ¢ Schematics showing the GlycolLink beads-based
affinity purification method used in this study. d A representative gel image showing a specific band of ~60 kDa eluted from triptonide-conjugated beads
under acidic and basic conditions. The “input” lane shows the amount of testis lysates used in the assays. The bands were subjected to MS-based protein
identification and some of the proteins identified are listed in h. e A representative western blot showing detection of junction plakoglobin/gamma-catenin
in the eluates from beads conjugated with or without triptonide, as all we as the input of total testicular lysates used in the assays. f A representative
western blot showing detection of keratin 5 in the eluates from beads conjugated with or without triptonide, as all we as the input of total testicular lysates
used in the assays. g Schematics showing the immunoprecipitation-based identification of proteins interreacting with the N-terminus of SPEM1. The
biotin-streptavidin system was utilized to bind the N-terminus of SPEM1 to magnetic beads. The major proteins identified using this method are listed in h.
h A summary of major proteins identified by the three methods used in this study. Junction plakoglobin/gamma-catenin appears to be the most likely drug
target (red frame).

junction plakoglobin/gamma-catenin may interfere with its
interactions with SPEMI1 (Fig. 6), leading to defects in

also detected to bind triptonide in both DARTS and GlycoLink
bead-based affinity purification assays, these data strongly suggest

that junction plakoglobin/gamma-catenin is the most likely
functional target of triptonide. Thus, triptonide binding of

cytoplasmic removal and consequently bending of sperm heads,
a phenotype resembling SpemI-null sperm®.
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Triptonide

Fig. 6 The proposed action of triptonide in inducing sperm deformation
and male infertility. Physiologically, SPEM1 interacts with junction
plakoglobin through its N-terminus. However, triptonide binds junction
plakoglobin with higher affinity, and this binding disrupts normal
interactions between junction plakoglobin with SPEMT1, causing a phenotype
similar to that of SpemT knockout, i.e., sperm deformation and male
infertility.

Discussion

The standard drug development process often starts with the
identification of a drug target using either in vivo (e.g., genetic
models) or in vitro (e.g., cell culture-based screening) assays, and
proceeds with high-throughput screening of millions of com-
pounds to identify those that interact with the targets, followed by
animal testing for efficacy and safety. However, it must be
emphasized that serendipity also plays a critical role in drug
discovery®#-36. For example, ~20% of the pharmaceuticals in
clinical use today are chemical derivatives of drugs discovered
serendipitously3*. The so-called “antisperm” effects of the Chi-
nese herb (T. wilfordii Hook F, commonly known as lei gong teng
or thunder god vine) was serendipitously discovered because
physicians noticed that some of the men who took this Chinese
herbal medicine for an extended period (>3 months) displayed
compromised fertility!2. Although this observation triggered a
wave of intensive research on the potential use of this herb or
compounds isolated form this herb as male contraceptive agents,
the enthusiasm soon dwindled because several initial studies
found that either the crude herbal extracts or several of the most
abundant compounds purified from this herb could indeed cause
male infertility, but all exerted severe toxic side effects and
infertility could hardly be reversed after the treatment was stop-
ped12-18:20-24,

Based on our genetic study on murine spermiogenesis using
gene KO technologies, we put forward the idea for developing
nonhormonal male contraceptives through disrupting the last
several steps (i.e., post elongation) of spermiogenesis. The idea
was based upon the fact that genetic disruptions of mid- or late
spermiogenesis (from elongation onward) rarely cause apoptosis
or massive germ cell depletion within the seminiferous epithe-
lium, although sperm are consistently deformed and/or display
no or very limited motility*. For example, Speml encodes a
protein exclusively expressed in elongating and elongated sper-
matids, and ablation of Speml causes male infertility due to
sperm deformation characterized by the head-bent-back by 180
degrees, and the bent head and neck surrounded by residual
cytoplasm®. SPEM1 is mainly localized on the manchette, which
is a microtubular apparatus unique to elongating and elongated
spermatids, and is believed to function to facilitate nucleocyto-
plasmic transport®. In the absence of SPEMI, the coordinated
nuclear and cytoplasmic elongation processes become unsyn-
chronized with nuclear elongation continuing, while cytoplasmic
elongation ceasing, leading to head bending followed by the tail
wrapping around the bent head inside the residual cytoplasm*. In
the absence of depletion of defective late spermatids within the

seminiferous epithelium, testicular histology of SpermI KO mice is
indistinguishable from that of wild-type controls except that all of
the sperm are deformed and lack forward motility. Based on the
phenotype of Speml KO male mice, it is conceivable that if a
compound directly or indirectly targets SPEM1, a phenotype
similar to SpemI KO sperm would be expected. Indeed, our data
suggest that triptonide appears to be such a compound. Tripto-
nide displays excellent bioavailability allowing for oral adminis-
tration. It induces total infertility in weeks (3-4 weeks in mice and
5-6 weeks in monkeys) and maintains the infertile state for
months and years with the same dosage. Male fertility can be
regained ~4-6 weeks after cessation of triptonide treatment. More
importantly, no discernable deleterious side effects, e.g., organ
toxicity, have ever been observed in our efficacy testing on either
mice or monkeys. The discovery of triptonide as a promising
male contraceptive agent serves as a testimony to the power of
our strategy in developing male contraceptives.

Oral intake of triptonide requires 3-4 and 5-6 weeks to achieve
full male infertility in mice and monkeys, respectively. The latent
effect implies that triptonide acts on a specific step during sper-
miogenesis. Indeed, earlier studies have estimated that the dura-
tion of spermatogenic cycles is ~35 days in mice and ~42 days in
cynomolgus monkeys®738. Therefore, the one-week difference in
the induction of full male infertility effects between mice and
monkeys likely reflects the difference in the duration of sper-
matogenic cycle between these two species. It is noteworthy that
the decrease in sperm counts induced by triptonide was more
significant in cynomolgus monkeys than in mice, which may
reflect differences in spermatogenesis between these two species.
Indeed, the testicular histology is indistinguishable between
triptonide-treated and control mice, whereas triptonide-treated
monkey testes lacked elongating and elongated spermatids, sug-
gesting that while triptonide may target the same protein within
the testes in both species, the biological consequences may differ.
Our drug target analyses strongly suggest that triptonide most
likely binds junction plakoglobin/gamma-catenin and thus, dis-
rupts its interactions with SPEM1, leading to a phenotype similar
to that observed in Spem1 KO testes. Phylogenetic analyses have
shown that mouse and monkey SPEMI proteins share ~69%
amino acid sequence similarity’, suggesting SPEM1 function has
evolved from mice to monkeys, and this may explain the phe-
notypic differences observed between triptonide-treated mice and
cynomolgus monkeys. Of interest, levels of major hormones,
including FSH, LH, and testosterone, in treated mice or monkeys
did not vary significantly from those of controls, suggesting that
triptonide treatment does not adversely affect libido or other
endocrine functions. More importantly, once triptonide treat-
ment is stopped, infertile male mice and monkeys regain their
fertility in ~3-4 and ~5-6 weeks, respectively. Thus, the recovery
timeline is similar to that required to initially induce infertility,
further supporting the notion that triptonide acts on one or more
specific steps during spermiogenesis.

The biggest concern associated with the development of any
contraceptives is the potential deleterious side effects. This was
particularly true for our study because several of the major
compounds isolated from T. wilfordii have been shown to exert
significant toxic effects!2-1820-24 For treatment of life-
threatening diseases, such as cancer, a certain level of deleter-
ious side effects can be viewed as an acceptable consequence if
unavoidable. However, for the development of a male contra-
ceptive, even minor side effects may be sufficient to discourage its
use by healthy men who are active both reproductively and
sexually. Therefore, our finding that neither short- (4 weeks for
mice and 8-24 weeks for monkeys) nor long- (3 or 6 months for
mice and up to 2.4 years for monkeys) term oral intake of trip-
tonide causes discernable toxic side effects in either species
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represents a major asset in support of the potential advancement
of this compound to the investigational new drug status and to
the subsequent clinical trials.

A previous report suggested that triptonide may have DNA
alkylating activity due to its epoxide structure?>. However, for
epoxides to alkylate DNA, an aromatic ring is required to inter-
calate between base pairs in the double helix so that the epoxide
ring can react with a nitrogen atom in a DNA base3°. Triptolide is
structurally very similar to triptonide, and none of the multiple
anticancer mechanisms of triptolide involves alkylation of DNA%0
given that triptonide is too large to intercalate between DNA base
pairs*l, The lack of alkylating activity of triptonide is further
supported by the following facts: (1) this herbal medicine has
been used by millions of people in China for many decades to
treat a wide variety of dermatological conditions with no reports
of increased tumorigenesis among long-term users. (2) None of
the mice or monkeys that underwent long-term (3-6 months for
mice and up to 2.4 years for monkeys) oral triptonide treatment
in our POC efficacy tests developed cancer. (3) DNA alkylating
activity tends to cause DNA DSBs, but no increase in gamma-
H2AX levels was detected in triptonide-treated testes.

Another line of evidence supporting the safety of triptonide
comes from the fact that its ECsy associated with induction of
infertility and sperm motility loss is ~0.1 mg/kg BW, which is
~1/8 of the minimal effective dose (0.8 mg/kg) and ~1/3000 of
LDsq (300 mg/kg BW) in mice. In other words, triptonide is very
potent in suppressing male fertility because even 1/8 of the
normal dose will generate maximum efficiacy in half of the mice
treated. Thus, the effective dose of triptonide treatment required
to achieve male contraception is far below the level that would
induce any sort of deleterious side effects.

Given that triptolide is the most abundant compound in the
Chinese herb T. wilfordii, triptonide purified from this herb can
sometimes be contaminated with trace amounts of triptolide or
other abundant compounds, which, unlike triptonide, have been
shown to be highly toxic#2. Therefore, trace contaminants would
cause side effects, which are, in fact, not due to triptonide. Indeed,
one of the batches of triptonide we purchased included a stated
purity of 96%, but our testing on mice revealed multiple side
effects similar to those seen in mice treated with triptolide.
Therefore, it is critical to use highly pure triptonide for POC
efficacy testing. We sent the two batches of purified triptonide
and one batch of chemically synthesized triptonide used in this
study to an independent commercial lab for purity tests, using
both NMR and elemental analyses (Supplementary Fig. 15), and
the results showed that all three were nearly 100% pure. Taking
into consideration the stated margin of error of these testing
systems (~0.4%), we determined that the purity of triptonide used
in our study was at least 99.6%. We used the synthetic triptonide
and performed POC efficacy testing on mice, and the same rever-
sible male contraceptive effects were obtained (Supplementary
Fig. 16). These data suggest that the male contraceptive effects of
triptonide reported here are indeed caused by triptonide, rather
than the potential trace contaminants in triptonide used.

It is noteworthy that the main focus of the present study was
POC efficacy testing, and a lack of discernible side effects was
based upon the observation of behavior (for both mice and
monkeys), examination of gross morphology, and histology of
vital organs (for mice only), as well as hematological and serum
biochemical analyses (for monkeys only). While the data reported
here suggest triptonide might be a promising contraceptive drug
candidate for men, its safety needs to be further evaluated
through comprehensive pharmacokinetics and toxicology studies
in the future. An intriguing question is why triptonide only exerts
effects on late spermiogenesis without affecting functions of other
major organs? One explanation is that it may target a protein that

is exclusively expressed in elongating and elongated spermatids.
However, our drug target identification assays point to junction
plakoglobin/gamma-catenin as its most likely target, which is
known to be expressed ubiquitously*>4*. However, SPEMI,
which is an interacting partner of junction plakoglobin/gamma-
catenin, is indeed exclusively expressed in elongating and elon-
gated spermatids during spermiogenesis®. Therefore, it is highly
likely that proper function of SPEM1 requires normal interactions
with junction plakoglobin/gamma-catenin, and SEPMI function
is abolished once interactions between SPEM1 and junction
plakoglobin/gamma-catenin are disrupted in the presence of
triptonide. Although interactions between junction plakoglobin/
gamma-catenin and SPEM1 may explain the testis-specific effect
of triptonide, such a mechanism needs further validation using
genetic models and in vitro assays in the future. Furthermore, it is
critical to understand how triptonide is metabolized once it gets
into the bloodstream and major organs, including the testis.
To this end, a thorough pharmacokinetics study is warranted.
To establish triptonide as an ultimate drug, scalable, efficient, and
economic chemical synthesis of triptonide is also critical. If
SPEML1 is proven to be the true target of triptonide, other small
compounds that can specifically interact with SPEM1 may exert a
similar male contraceptive effect to triptonide with even greater
specificity and efficacy.

In summary, we report the discovery of triptonide as a potent
and safe nonhormonal male contraceptive agent in mice and
nonhuman primates. The success also validates a more general
idea for developing male contraceptives. i.e., disabling, rather
than “killing”/depleting, all sperm by targeting proteins or other
gene products specific to the elongation steps during spermio-
genesis. Finally, we note that serendipitous drug discovery should
continue to be encouraged and supported as an integral part of
the ongoing efforts to develop nonhormonal male contraceptives.

Methods

Animal use and care. Male and female adult (2-3 months) mice of C57BL/6] and
CD-1 strains were used. Mice were housed in a specific pathogen-free and tem-
perature- and humidity-controlled facility under a light-dark cycle (10 h light and
14 h dark) with food and water ad libitum at the University of Nevada, Reno.
Animal use protocol was approved by Institutional Animal Care and Use Com-
mittee of the University of Nevada, Reno, and is in accordance with the “Guide for
the Care and Use of Experimental Animals” established by National Institutes of
Health (1996, revised 2011). All cynomolgus monkeys used were housed at the
Blooming Spring Biological Technology Development Co. LTD, in Guangzhou,
China, which is fully accredited by the Association for the Assessment and
Accreditations of Laboratory Animal Care International. The animal use protocol
was approved by the Research Ethics Committee of the Blooming Spring Biological
Technology Development Co. LTD. A total of 12 healthy male adult (9-13 years of
age with body weight ranging between 4.96 and 11.80 kg) and 6 fertility-proven
adult females (9-13 years of age with body weight ranging between 3.89 and 4.00
kg) cynomolgus monkeys were used in this study. The general information of the
monkeys used in this study is summarized in Supplementary Table 4.

Chemicals. Triptonide (Cy0H,,06, MW: 356.39 g/mol) was purchased from the
Chengdu Biopurity Phytochemicals (purity > 98%, Lot#: 15033012 and 14081502)
and MCE (MedChem Express; purity > 98%, Cas#: 38647-11-9. Lot#:13216).
DMSO was purchased from Sigma-Aldrich. In addition to HPLC data provided by
the company, the purity of triptonide used was independently validated using
NMR elemental analyses in NuMega Resonance Labs, Inc. (San Diego, CA;
Supplementary Fig. 15).

Proof-of-concept efficacy testing in mice. For POC efficacy testing on mice, a
stock solution of triptonide was prepared at 4 mg/ml in DMSO. Each vial was
wrapped with aluminum foil to block light and stored at —20 °C. For gavage
feeding, 125 ul of triptonide working solution (5 pl stock solution was added into
120 pl of PBS) containing 20 pg triptonide were administered to a mouse of 25 g
(0.8 mg/kg B.W) using a gavage feeding needle (20 G 1-1/2 in., Cadence Science,
Japan). Other doses (0.1, 0.2, 0.4, and 1.6 mg/kg BW) were prepared accordingly.
Control mice received vehicle (4% DMSO in PBS). After oral administration of
triptonide or vehicle, the mice were observed every hour for the first 3 h, followed
by daily monitoring thereafter.
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In the initial pilot study to identify minimal effective dose and duration, five
doses (0.1, 0.2, 0.4, 0.8, and 1.6 mg/kg BW) were tested using 18 mice per dose
group. Three mice from each dose group were sacrificed weekly to examine sperm
parameters and testicular histology for up to 6 weeks. In the subsequent official
POC efficacy testing, 6-20 mice in each test group were treated with triptonide at
one of the four doses (0.1, 0.2, 0.4, and 0.8 mg/kg BW) via single daily oral gavage.
At the end of the fourth week, all triptonide-treated and control mice were
sacrificed and caudal epididymal sperm parameters were measured using a
computer-assisted sperm analysis (CASA) system (Sperm Analyzer Mouse Traxx,
Hamilton-Thorne). In addition, blood samples were collected and allowed to clot at
room temperature for 1.5h. After disrupting clot adhesion to the tube wall, the
blood samples were centrifuged at 2000 x g for 10 min at room temperature. Serum
was collected into a polypropylene microcentrifuge tube and stored at —20 °C for
hormonal measurements. Hormonal levels were measured at the Ligand Assay and
Analysis Core, Center for Research in Reproduction, University of Virginia School
of Medicine, Charlottesville, Virginia. The Mouse Pituitary Magnetic Bead Panel
Multiplex Kit (Cat.# MPTMAG-49K; Lot#3141797; Millipore Corporation,
Billerica, MA) was used to determine the levels of FHS and LH following the
manufacturer’s instructions. The reportable range the FSH/LH assays was between
0.48 and 300 ng/ml, and the intra-assay CV was between 0.4 and 2.9% for FSH, and
3 and 7.8% for LH. To measure intratesticular testosterone levels, testicular
homogenates were prepared by homogenizing the testis in cold (4 °C) PBS (without
detergent or EDTA) on ice for 60 s followed by centrifugation (2000 x g for 10 min
at 4 °C) to remove cell debris. The supernatants were then collected into 1.5 ml
Eppendorf tubes and stored at —80 °C. Both serum and testicular testosterone
levels were assayed using the Testosterone Mouse & Rat ELISA Kit (Cat. #IB79106;
Kit Lot# 28K088-2; Immuno-Biological Laboratories, Inc., Minneapolis, MN)
following the manufacturer’s instructions. The assay is a solid phase enzyme-linked
immunosorbent assay based on the principle of competitive binding. The
microwells coated with a monoclonal antibody against a unique antigenic site of
testosterone were first incubated with the samples so that testosterone in the
samples competes with testosterone-conjugated horseradish peroxidase. After
washing to remove the unbound molecules, the solid phase was then incubated
with the substrate and the colorimetric reaction was used to quantify the levels of
testosterone in the samples. A standard curve was first constructed by plotting OD
values against concentrations of the standards, and the concentration of unknown
samples were determined using this standard curve. The reportable range of this
assay was between 8.3 and 1600 ng/dl, and intra-assay CV was between 0.8
and 3.7%.

Histology of all major organs including heart, liver, spleen, lung, lung, brain,
colon, small intestine, testis, and male reproductive tracts (epididymis, seminal
vesicle, and prostate) was analyzed in-house. Testes were fixed in Bouin’s fixatives
and other organs were fixed in 10% neutral buffered formalin followed by
embedding into paraffin. Sections were cut followed stained using hematoxylin and
eosin for microscopic evaluation.

To test fertility, after 3-4 weeks of oral administrations of triptonide and vehicle
control, two or three females were added to individual cages containing single
triptonide-treated or control male mice. The female mice were examined every
morning for the presence/absence of vaginal plugs. Once plugs were identified, the
female mice were removed and after 7 days, they were transferred to a new cage,
and the pregnancies and pups were observed and recorded.

Electron microscopy of mouse seminiferous tubules and sperm. Both scanning
and transmission electron microscopic analyses were conducted as described”.
Scanning electron microscopy was conducted using stages VII and VIII semi-
niferous tubules dissected from control and triptonide-treated testes, whereas TEM
was performed on sperm collected from the cauda epididymis of control and
triptonide-treated male mice.

Intracytoplasmic sperm injection. Mouse ICSI was performed as described”.
Cauda epididymal sperm were collected from control and triptonide-treated male
mice. Only sperm heads were injected into MII oocytes from donor female mice.
To study developmental potential of the preimplantation embryos, the injected
oocytes were cultured in vitro. For evaluation of full-term development, the 2-
pronuclear embryos were transferred into the recipient females.

Proof-of-concept efficacy testing in cynomolgus monkeys. To identify minimal
effective dose and duration, four cynomolgus monkeys were treated with triptonide
at four doses (0.05, 0.1, 0.2, 0.8, and 5 mg/kg BW) daily. Based on the weight of
each monkey, the total amount of triptonide equivalent to 40 days of oral treatment
of 0.1 mg/kg BW was calculated and weighted for making the stock solution in 2 ml
DMSO. The working solution was prepared by diluting the stock solution with 18
ml PBS followed by aliquoting into 40 vials (0.5 ml each) for storage at —20 °C.

One vial was thawed each day and the triptonide working solution (0.5 ml) was

added into the food (steamed bun, bread, apple, banana, etc.) before feeding. The
technician observed the feeding to make sure the triptonide-containing food was
completely eaten. By the end of each week, semen and blood samples were collected
for analyses of sperm parameters and blood chemistry. The pilot test was stopped
at week 9 because almost all sperm became deformed with minimal or no forward

motility and sperm counts had been drastically reduced. One monkey that received
5 mg/kg BW triptonide daily p.o. displayed signs of side effects starting at week 4
and became worse thereafter; thus, the experiment was stopped at the end of week
5 and that monkey was not used in subsequent POC efficacy testing.

Based on the pilot test, the minimal effective dose was determined to be 0.1 mg/
kg (BW). In the official POC efficacy testing, seven male monkeys were treated with
single daily doses of triptonide (0.1 mg/kg BW) and three control male monkeys
received vehicle. Since we already knew that significant effects on sperm
production started at week 4, semen and blood samples were collected weekly
starting from week 5. By the end of week 8, triptonide treatment was stopped in
three of the seven monkeys, and the other four continued with triptonide treatment
until week 126 (~2.4 years). For the monkeys undergoing long-term treatment,
semen and blood samples were collected at 11, 14, 16, 18, 23, 48, 74, 100, and
126 weeks for semen and blood chemistry analyses.

To test fertility, two out of the three monkeys with treatment stopped at week 8
were individually housed with two fertility-proven adult female monkeys (one male
and one female per cage) for up to 1 year. Both female monkeys became pregnant
after 3-4 months and each delivered a full-term baby. Two out of the four male
monkeys undergoing long-term treatment were also housed with two fertility-
proven adult female monkeys (one male and one female per cage) between weeks 8
and 126. None of the two females became pregnant during the entire treatment.
Two of the three controls were housed with two fertility-proven adult female
monkeys (one male and one female per cage) between weeks 8 and 100. Both
female monkeys became pregnant after 3-4 months, but one ended up with
abortion for unknown reasons, but the other delivered a full-term baby.

For semen collection, a rectal probe electrical stimulation method was
conducted as previously described*> with minor modifications. Monkeys were
anesthetized with ketamine hydrochloride (Lianyungang International Trade Co.,
Ltd., Lianyungang City, China) at a dose of 10 mg/kg BW through intramuscular
injection. The monkeys were then held in a supine position on an operating table
and penis was cleaned using absorbent cotton soaked with warmed saline. A
lubricated probe was inserted into rectum for ~8-10 cm and positioned with both
electrodes oriented in mid-ventral direction. A stimulator with nine-step voltage
control (Lane Manufacturing Inc., USA) was used, and each electrical stimulation
consisted of pulses of 4-6 s duration with 2-3 s rest in between. Stimulation started
at step 1 for five repeats. If no painful response was observed, stimulation was
continued with the voltage raised to next step. The stimulation was repeated and
gradually intensified until ejaculation occurred. The ejaculates were collected into a
tube and incubated in 37 °C water bath for 30 min before analyses. Semen samples
were diluted using a sperm culture medium (K-SISM-20/50/10020, Cook Medical)
to an appropriate concentration, and an aliquot of 10 ul was added to a pre-
warmed (37 °C) Makler counting chamber and sperm counts, total and forward
motility were analyzed manually by an experienced evaluator. For motility
evaluation, at least 300 sperm were analyzed. For sperm morphology analyses,
sperm smear was prepared. After air dry, the slides were fixed in 95% ethanol for
15 min at room temperature, followed by staining using SpermBlue fixative and
SpermBlue stain®’.

To analyze testicular histology, testicular biopsy was performed under
anesthesia (ketamine hydrochloride at 10 mg/kg BW i.m.) and sterile conditions. A
small piece of testis (~3 mm x 3 mm x 3 mm) was surgically removed, and
immediately fixed in Bouin’s fixative. After dehydration, the samples were
embedded into paraffin and sections of 4 um were then stained using hematoxylin-
eosin followed by microscopic evaluation.

Blood oxygen saturation levels were measured using a pulse oximeter (Yuwell,
YX303, Yunyue Medical Equipment, Ltd, Jiangsu, China) by clamping the oximeter
to the tail of the monkey. Blood assays included counts of the red blood cells,
lymphocytes, mean corpuscular volume, and levels of prothrombin, hemoglobin,
and glucose. The liver panel contained the following: albumin-globulin, albumin,
alkaline phosphatase, alanine aminotransferase, aspartate aminotransferase, carbon
dioxide, gamma-glutamyl transferase, and total protein. The kidney panel consisted
of creatinine, urine albumin, and urea. All the assays were conducted in the Central
Clinical Laboratory of the Hospital affiliated to the Institute of Family Panning of
Guangdong Province (Guangzhou, China) using the reagents, equipment, and
methodologies for human blood lab work. In brief, blood cell types and
biochemistry were analyzed using a hematology analyzer (Sysmex XN-1000,
Japan). FSH, LH, and T levels were measured using fluorescent immunoassays on
an immunology analyzer (Roche Cobas E602, Switzerland). Liver and kidney
panels were analyzed using a clinical chemistry analyzer (Olympus, AU400, Japan).
Assays were conducted using reagents and protocols provided by the manufactures
of the equipment.

Determination of 50% of effective concentration. ECs, represents the dose at
which a compound produces half of its maximal effect¢. To determine the ECsq of
triptonide, a series of dose-response data were collected using adult male mice
treated with various doses of triptonide in three independent experiments. Sperm
motility was evaluated using CASA (Hamilton Throne). To determine male fer-
tility, two to three fertility-proven females were added to the cages containing a
single triptonide-treated or control male mouse at the end of the fourth weeks of
treatment. Vaginal plugs were examined early every morning to verify mating, and
pregnancy became visible by day 10 after mating. Later, the number of pups borne
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was documented (Supplemental Table S3). ECs, was calculated based on a basic
rectilinear equation: E = mx + E,, where E represents the triptonide effect,

m stands for the slope (Egj"l‘), and x for triptonide concentration (C).

Since E = Eg:(f"l‘ C+ Eo, when x =0, the E equals E, (E = E;). Because E= E(‘)’:(])E_"l‘ C+

E,, where E 0.1 equals E, when C=0.1. When E = %, the C=Cys.

Since E= (%%) C+Ej % = %:—'51—‘ Cos+ Eo, and %: M Cys+ Ey, Thus, ECy5 =

E
9 _ %

M =M= ZET:’/I Specifically, we utilized E, (sperm motility or male fertility of
EFE“‘) ,and the equation (Cy5 = —Ey/2m), to

control male mice) through its slope ( P

acquire the ECsy,.

Western blot analyses. Testes were lysed in Pierce IP lysis buffer (Thermo Sci-
entific, n0.87787, 25 mM Tris HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM
EDTA, and 5% glycerol) containing protease inhibitors (Roche, mini-complete, no
EDTA) and homogenized. The lysates were vortexed and spun at 17,000 x g, 20 °C
for 10 min, and the supernatants were collected. The protein concentrations were
determined using Pierce BCA Protein Assay Kit (Thermo Scientific). The proteins
from each sample were loaded onto one MiniProtean TGX 4-15% or 4-20%
polyacrylamide gel (Bio-Rad) followed by electrophoresis at 200 V for 40 min. The
gel was electroblotted onto nitrocellulose membrane at 100V for 1h in a cold
room. After blocking with SuperBlock T20 (PBS) Blocking Buffer (Thermo Fisher
Scientific) and the membrane was subjected to reactions with primary antibodies
on a rocking platform in a cool room overnight. After washing, the membrane was
incubated with goat anti-mouse IgG HRP or goat anti-rabbit IgG HRP for 1 h. The
specific proteins were visualized using the Advanced Bright Enhanced Chemilu-
minescence kit. Imaging and qualification were performed using a ChemiDoc
Imager Detector (Bio-Rad). The primary antibodies used included mouse mono-
clonal anti-yH2AX (phospS139, Abcam, Cat#: 2635), rabbit polyclonal anti-B-actin
(Abcam, Cat#: 8227), rabbit polyclonal keratin 5 (K5; BioLegend, Cat#:905501),
and mouse monoclonal anti-junction plakoglobin/gamma catenine (Life Tech-
nologies, Cat#:13-8500). Goat anti-rabbit (SouthernBiotech, Cat#: 4030-05) and
goat anti-mouse IgG (H + L; SouthernBiotech, Cat#: 1036-05) HRP-conjugated
secondary antibodies were purchased from SouthernBiotech. Original uncropped
western blot scans or films can be found in the Source data file.

Drug affinity responsive target stability assay. Four testes were removed from
adult male C57/BL/6] mice. Each testis was dissected into several pieces and put into a
1.5ml tube containing 450 pl M-PER solution (Thermo Fisher Scientific) with pro-
tease inhibitors (Roche, complete mini, EDTA-free) and phosphatase inhibitors
(Abcam, Phosphatase inhibitor cocktail I). The mixture was homogenized with
20 strokes of a plastic pestle and then homogenized with a Benchmark D1000
homogenizer at a setting of two for 15s. All four testis samples sat on ice for a half
hour and were then centrifuged at 17,200 x g for 10 min. The four supernatants were
pooled in a 15 ml centrifuge tube. To the tube was added 200 ul 10x TNC (500 mM
Tris HCI, 500 mM NaCl, 100 mM CaCl,, pH 8.0). The homogenate was assayed for
protein concentration with a BCA assay and was diluted to 5 mg/ml. Homogenate
(297 pl) was aliquoted into two tubes. To the tubes were added either 3 pl 16 mg/ml
triptonide in DMSO or DMSO alone. The tubes were mixed well and left at room
temperature for 1 h. Meanwhile, a solution of 10 mg/ml Pronase was diluted as
follows: 1:100, 1:300, 1:1000, 1:3000, and 1:10,000. When Thermolysin was used in
place of Pronase, a 10 mg/ml solution of Thermolysin was diluted to 2, 0.4, 0.08,
and 0.016 mg/ml. The triptonide-treated or control homogenate (50 pl) was
incubated with each of trypsin dilution for 15 min. The reactions were then
stopped by the addition of 5 ul 0.5 M EDTA. Each sample was then run on Bio-Rad
mini-Protein TGX 4-20% polyacrylamide gels at 200 V. Gels were stained with Bio-
Safe Coomassie (Bio-Rad).

An in vivo variation of the DARTS experiment was carried out using testis
homogenates from mice treated with 0.8 mg/kg BW triptonide daily (p.o.) for
4 weeks. Protein was precipitated from these extracts with four volumes of ice-cold
acetone. After overnight incubation at —20 °C, the samples were centrifuged at
16,000 x g, 4 °C, for 10 min. The pellet was washed three times with ice-cold
acetone/water (4:1). The protein pellet was dried, dissolved, and digested for
various lengths of time using the Flash Digest system from Perfinity Biosciences.
The digest reaction was stopped after 0, 5, 15, and 75 min of incubation by removal
of aliquots and addition into Laemmli buffer with 3-mercaptoethanol. The aliquots
were run on polyacrylamide gels followed by visualization of protein using staining.
Bands of interest were cut out and submitted for MS analyses. Original gel images
can be found in the source data file.

GlycoLink beads-based affinity purification. GlycoLink Micro Immobilization
Kit was purchased from Thermo Fisher Scientific. GlycoLink beads contain a linker
with a terminal hydrazide group which reacts with aldehydes and ketones. The
coupling of triptonide to the beads was attempted in two ways. The GlycoLink kit
comes with an acidic coupling buffer for coupling to aldehydes and ketones. An
additional basic buffer was purchased which might couple via the epoxide groups
of triptonide. Coupling was done by incubating beads with a saturated solution of
triptonide in DMSO (40 mg/ml), or with DMSO alone for controls, in acidic and
basic buffer. Triptonide was covalently attached to the beads with aniline according

to the manufacturer’s instructions. Testes from one sexually mature male mouse
were homogenized in M-PER buffer (Thermo Fisher Scientific). The proteins in the
homogenate were precipitated with four volumes of ice-cold acetone. After sitting
for 3.5h at —20 °C, the protein pellet was centrifuged at 16,000 x g, 4 °C, for

10 min. The pellet was washed three times with ice-cold 4:1 acetone/water. The
final pellet was dried and dissolved in 2.5 ml Dulbecco’s PBS. An aliquot (300 pl)
was applied to each of the four types of beads and reacted with the beads as per
instructions. After washing of the beads, proteins on the beads were eluted
sequentially with the following solutions: a saturated solution of triptonide in
DMSO in PBS, 0.1% formic acid/30% acetonitrile, and 0.2 M glycine, pH 2.6. The
eluates were dried in a vacuum concentrator to ~60-70 ul. The eluates were then
desalted with Zeba Spin Desalting Kit (Thermo Fisher Scientific, 7 K MWCO) and
buffer exchanged into 0.1% formic acid/30% acetonitrile. The eluates were again
dried to a volume of 35-40 pl. The eluates were then applied to a Bio-Rad mini-
Protean TGX 4-20% polyacrylamide gels and run at 200 V. Gels were stained with
Sypro Ruby. Bands of interest were cut out and submitted for MS analyses. Original
gel images can be found in the Source data file.

Immunoprecipitation-based identification of proteins interreacting with the
N-terminus of SPEM1. A peptide composed of the N-terminal 28 amino acids of
murine SPEM1 was synthesized by BioLegend (San Diego, CA). A biotin was
attached to the C-terminal amino acid of the peptide. Streptavidin magnetic beads
were obtained from GenScript. Beads were incubated with either 0.3 mg of peptide
in PBS or with PBS alone. The solutions were incubated with the beads for 1 h and
then washed with PBS. A homogenate of testis from a sexually mature male mouse
was prepared in PBS with protease inhibitors (Roche, complete mini, EDTA-free).
The two types of beads were incubated with 120 ul of the testis homogenate
(0.34 mg protein) for 1 h. After washing of the beads, proteins on the beads were
eluted sequentially with a saturated solution of triptonide in DMSO in PBS, 0.1%
formic acid/30% acetonitrile, and 0.2 M glycine, pH 2.6. The eluates were dried in a
vacuum concentrator to ~60-70 pl. The eluates were then desalted with Zeba Spin
Desalting Kit (Thermo Fisher Scientific, 7K MWCO) and buffer exchanged into
0.1% formic acid/30% acetonitrile. The eluates were again dried to a volume of
35-40 pl. Half of each eluate was diluted with Laemmli buffer with -
mercaptoethanol and applied to a Bio-Rad mini-Protean TGX 4-20% poly-
acrylamide gels and run at 200 V. Gels were stained with Sypro Ruby. The
remaining halves of the eluates were submitted for MS analysis.

Mass spectrophotometric identification of proteins. Proteins in the excised
electrophoresis bands were reduced and alkylated using 10 mM dithiothreitol and
100 mM iodoacetamide. Proteins in solutions were denatured with acetonitrile,
then reduced and alkylated with 6.7 mM DTT and 13.8 mM iodoacetamide. The
proteins were then incubated with sequencing grade modified porcine trypsin
(Promega, Fitchburg, WI) in 25 mM ammonium bicarbonate overnight at 37 °C.

Liquid chromatography. Peptide mixtures were separated using an UltiMate 3000
RSL Cnano system (Thermo Scientific, San Jose, CA) on a self-packed UChrom
C18 column (100 um x 35 cm). Elution was performed using a 90 min gradient of
solvent B from 2-27% (solvent A 0.1% formic acid, and solvent B acetonitrile, 0.1%
formic acid) at 50 °C using a digital Pico View nanospray source (New Objectives,
Woburn, MA) that was modified with a custom-built column heater and an
ABIRD background suppressor (ESI Source Solutions, Woburn, MA). Briefly, the
self-packed column tapered tip was pulled with a laser micropipette puller P-2000
(Sutter Instrument Co, Novato, CA) to an approximate id of 10 um. The column
was packed with 1-2 cm of 5 pm Magic C18 followed by 35 cm of 1.8 um UChrom
C18 (120 A) at 9000 p.s.i., using a nano LC column packing kit (nanoLCMS, Golg
River, CA).

Mass spectrometry. Mass spectral analysis was performed using an Orbitrap Fusion
mass spectrometer (Thermo Scientific. San Jose, CA). Proteomic analysis was
performed using a “Universal” data-dependent method (Eliuk et al. 2014 Thermo
Application note). The MS1 precursor selection range was from 400 to 1500 m/z at
a resolution of 120 K and intensity threshold of 4.0 x 105. Quadrupole isolation at
0.7T h for MS? analysis using CID fragmentation in the linear ion trap with a
collision energy of 35%. The automatic gain control was set to 1.0 x 107 with a
maximum injection time of 250 ms.The instrument was set in a top speed data-
dependent mode with a most intense precursor priority. Dynamic exclusion was set
to an exclusion duration of 60s with a 10 ppm tolerance.

Database searching. Tandem mass spectra were extracted and charge state
deconvoluted by Proteome Discover version 2.1. All MS/MS samples were analyzed
using Sequest (Thermo Fisher Scientific, San Jose, CA, USA; version 2.0.0.802).
Sequest was set up to search a custom C-term fasta, assuming the digestion enzyme
trypsin and max number of missed cleavages get to 2. Sequest was searched with a
fragment ion mass tolerance of 0.60 Da and a parent ion tolerance 10.0 PPM.
Variable modifications included carbamidomethyl of cysteine, oxidation of
methionine, deamidation, and acetylation of the N-terminus.
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Criteria for protein identification. Scaffold (version Scaffold 4.8.2, Proteome Soft-
ware Inc., Portland, OR) was used to validate MS/MS-based peptide and protein
identification. Peptide identifications were accepted if they could be established at
>80% probability by the Peptide Prophet algorithm?” with Scaffold delta-mass
correction. Protein identifications were accepted if they could be established at
greater 99.0% probability and contained at least two identified peptides. Protein
probabilities were assigned by the Peptide Prophet algorithm*®. Proteins that
contained similar peptides and could not be differentiated based on MS/MS ana-
lysis alone were grouped to satisfy the principles parsimony.

Statistics and reproducibility. Graph Pad Prism 7 software (La Jolla, CA, USA)
was used for statistical analyses. Data are presented as mean + SEM unless stated
otherwise. Differences in measurements were compared by Kolmogorov-Smirnov
t test or one-way analyses of variance (ANOVA) for two groups, and p < 0.05 was
considered statistically significant. Two-way ANOVA with Bonferroni multiple
comparison test were used to compare differences between groups and timepoints,
and adjusted p <0.05 was considered to be statistically significant.

Gross morphology and histology of both the testes and cauda epididymal sperm
were routinely examined in both pilot and POC efficacy testing experiments using
C57Bl/6] (approximately ten independent experiments expanding 7 years) and
CD-1 (two independent experiments in two years) male mice, and results similar to
the representative images shown in Figs. 1a, b and Supplementary Fig. 2 were
obtained consistently. Both TEM and SEM were conducted once using three mice
from three separate experiments, and the data similar to the representative images
shown in Fig. 1c were obtained consistently. In the POC efficacy testing on
monkeys, ejaculated sperm were collected from all monkeys once every 1-3 weeks,
and testicular biopsy was conducted on six treated and three control monkeys at
different timepoints. Both sperm morphology and testicular histology varied to
some degree, but were generally consistent to the representative images shown in
Fig. 2a, e, as well as Supplementary Fig. 4d-i. Pathology examinations at both gross
and histological levels were conducted on six treated and three control male C57Bl/
6] mice from three independent experiments, and no major pathology was detected
and the histology of major vital organs of these mice was similar to the
micrographs shown in Supplementary Fig. 3. DARTs were performed twice with
similar results, and Fig. 5b is one the two gels obtained and subjected to MS-based
protein identification. GlycoLink beads-based affinity purification was repeated
four times using samples from four male C57Bl/6] male mice from two
independent experiments, and results similar to Fig. 5d-f were obtained.
Immunofluorescent and western blot analyses of gamma-H2Ax were carried out
three times, using three control and six treated male mice from two independent
experiments, and results similar to those shown in Supplementary Fig. 14 were
obtained. Efficacy testing using chemically synthesized triptonide was performed
twice, using four mice per group per timepoint, and both testicular histology and
sperm morphology were similar to those shown in Supplementary Fig. 16.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All data are available within the Article and Supplementary Files, or available from the
corresponding author on reasonable request. Source data are provided with this paper.
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