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Abstract

Advanced testicular germ cells, expressing novel cell surface and intracellular proteins, appear after the establishment of
central tolerance and thus are auto-immunogenic. However, due to testis immune privilege these germ cells normally do
not evoke a detrimental immune response. The Sertoli cell (SC) barrier (also known as the blood–testis barrier) creates a
unique microenvironment required for the completion of spermatogenesis and sequesters the majority of the advanced
germ cells from the immune system. Given that an intact SC barrier is necessary for spermatogenesis and that disruption of
the SC barrier results in loss of advanced germ cells independent of an immune response, this dual role of the SC barrier
makes it difficult to directly test the importance of the SC barrier in immune privilege. The ability of SCs to survive and pro-
tect co-grafted cells when transplanted ectopically (outside the testis) across immunological barriers is well-documented.
Here, we will discuss the use of a SC transplantation model to investigate the role of SC and the SC barrier in immune privi-
lege. Additionally, the formation of cord/tubule like structures in this model, containing both SCs and myoid cells, further
extends its application to study testis morphogenesis. We will also discuss the potential use of this model to study the ef-
fects of drugs/environmental toxins on testis morphogenesis, tight junction formation and SC–myoid cell interactions.
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Introduction

Sir Peter Medawar first coined the term “immune privilege” in
the 1940s when he observed that skin allografts from rabbits
transplanted into the brain or anterior chamber of the eye did
not elicit an immune response. He believed that these immune
privileged sites were “immunologically ignorant” as tissue
transplanted to these sites was isolated behind blood tissue

barriers and lacked lymphatics, and thereby failed to evoke an
immune response [1]. Later in the 1970s, seminal findings by
J. Wayne Streilein and others demonstrated that the immune
system is not ignorant to the antigens place in privileged sites
[1–3]. Instead, immune privilege results from education of the
immune system through active regulatory processes that re-
sults in tolerance to the transplanted antigens. The first evi-
dence that the testis is an immune privileged site was provided
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over two centuries ago. However, it was not until the 1970s, when
a series of studies describing the survival and functionality of var-
ious tissues transplanted into the testis, that strong support for
the immune privileged status of the testis was provided (exten-
sively reviewed in [4, 5]). Here, we will describe results from sev-
eral studies using a Sertoli cell (SC) transplantation model that
support the concept that the immune privilege environment in
the testis is more than just the blood–testis barrier (BTB). In addi-
tion, we will discuss the potential use of this model to study SC
immune regulation, testis morphogenesis and the effect of exter-
nal factors such as environmental toxins on these processes.

Why Testis Immune Privilege Is Critical?

The testis, central to the function of the male reproductive sys-
tem, consists of seminiferous tubules surrounded by the inter-
stitium. Spermatogenesis takes place inside the seminiferous
tubules, which are comprised of germ cells and SCs surrounded
by one (rodents) or multiple (large animals) layers of contractile
peritubular myoid cells [6, 7]. The interstitium, site of androgen
production, consists of Leydig cells, leukocytes, blood vessels,
lymphatic vessels and fibroblasts. At the onset of puberty, ad-
vanced germ cells expressing novel cell surface and intracellu-
lar proteins [8, 9] first differentiate from spermatogonia within
the testis. Since these cells first appear after the establishment
of central tolerance they are in danger of eliciting an immune
response and yet these auto-antigenic germ cells fail to evoke
an immune response due to the immune privileged environ-
ment within the testis.

The Blood–Testis Barrier and Its Role in Germ
Cell Development and Testis Immune Privilege

Similar to other organs, testis immune privilege was first attrib-
uted to the unique physical or anatomical components of the
testis such as impaired lymphatic drainage, the BTB and the
lower temperature or higher Zinc concentration of the testis
(reviewed in [4]). In an attempt to identify the mechanism(s) re-
sponsible for the unique immune environment of the testis, the
contribution of these components was explored. Examination
of the testicular lymphatic drainage demonstrated that it was
fully functional [10, 11]. Likewise, testes placed into the abdomi-
nal cavity, at the normal body temperature, maintained the
ability to protect transplanted cells [12, 13]. Furthermore, para-
thyroid allografts transplanted into the prostate, which con-
tains the highest Zinc concentration of any organ, were rejected
suggesting that these properties of the testis do not contribute
to testis immune privilege [14]. Additionally, the cellular com-
ponents of the testis (somatic and germ cells) were examined.
The survival of allografts in the testis depleted of Leydig cells
[15, 16] and germ cells [12, 13, 17] demonstrated that these cells
are not required for testis immune privilege.

Initially it was assumed that, similar to the blood–brain bar-
rier, the BTB exists at the vascular endothelium and thus re-
stricts the exit of molecules from the blood flow into the testis.
However, while dyes and radiolabeled substances are com-
pletely excluded from the seminiferous tubules, they freely en-
tered the interstitial space suggesting that the BTB is present in
or around the seminiferous tubules [18–20]. Later, Fawcett et al.,
demonstrated that in rodent testis peritubular myoid cells act
as a semipermeable barrier by excluding the entry of large mol-
ecules (e.g. carbon particles) and limiting the access of small
molecules (e.g. lanthum) in the majority of the tubules [7, 21]. At

the same time, tight junctions formed between adjacent SCs
completely prevented the entrance of molecules (e.g. colloidal
thorium, ferritin, horse-radish peroxidase and lanthum) from
entering the lumen of the seminiferous tubules. Thus, in testis
tight junctions formed between adjacent SCs along with the SC
body constitute an effective and impermeable BTB. These tight
junctions between SCs, which are located in the basal third of
the seminiferous epithelium, divide the seminiferous epithe-
lium into basal (containing spermatogonia and preleptotene
spermatocytes) and adluminal (containing advanced germ cells)
compartments. Russell and Peterson, used the term the “Sertoli
cell barrier” to more adequately define the barrier location at
the seminiferous epithelium instead of at the blood vessels [22].
So, from this point onwards we will refer to the BTB as the SC
barrier.

The SC barrier should not be perceived as an impenetrable
wall as the presence of specific transporters located along the
basolateral membrane of the SCs allow the passage of selective
molecules while restricting the entry of others. For instance,
physiological studies performed on the rete testis fluid demon-
strated that the concentration of certain amino acids and ions
was significantly different between the rete testis fluid and tes-
ticular lymph [23]. This physiological barrier is vital for the devel-
opment and maturation of advanced germ cells. The role of SCs
in germ cell survival, maintenance of spermatogenesis and the
spermatogonial stem cell niche, as well as survival of adult
Leydig cells is highlighted by SC ablation studies [24–26].
Depletion of SCs at post-natal day 50, after a single injection of
diphtheria toxin in mice expressing the diphtheria toxin receptor
only in SCs, resulted in extensive loss of germ cells as by 30 days
post-injection the lumen of most tubules was acellular. Leydig
cell number was significantly reduced compared to controls (37
and 25% of control by 30 and 90 days post-SC ablation, respec-
tively) [25]. One year after diphtheria toxin injection, the tubules
had shrunk and contained calcium deposits [25] indicating loss
of spermatogenesis and the spermatogonial stem cell niche.

In addition to creating an environment adequate for germ
cell development, the SC barrier prevents the passage of anti-
bodies into the adluminal compartment of the seminiferous ep-
ithelium [27, 28]. For instance, the immunoglobulin concen
tration in the rete testis fluid was 0.2% the concentration in se-
rum [27] and immunoglobulins were not detected in the tubule
fluid indicating a lower level of immunoglobulins in the semi-
niferous tubules than in the rete testis fluid [29]. Interestingly,
despite the presence of immune cells in the testis interstitium
[30], lymphocytes are not detected beyond the myoid cell layer
suggesting that the semipermeable barrier created by peritubu-
lar myoid cells is sufficient to inhibit the entry of immune cells
into the seminiferous epithelium [31]. SC ablation studies fur-
ther support the role of peritubular myoid cells in restricting the
entry of immune cells into the seminiferous tubules. For exam-
ple, after depletion of SCs at puberty or in adult mice, peritubu-
lar myoid cells were still present and maintained the basement
membrane [25]. After loss of SCs an immune response was gen-
erated in the testis of these mice, as evident by an increase in
interstitial macrophages and pro-inflammatory cytokine TNF-a
by 10 and 30 days post-injection, respectively [25]. Macrophage
infiltration was not detected in the seminiferous tubules with
an intact myoid layer suggesting that the myoid cells and un-
derlying extracellular matrix is sufficient to exclude immune
cells from the tubules. Collectively, lack of antibodies and im-
mune cells in the seminiferous tubules demonstrates that the
SC barrier plays a role in testis immune privilege. However,
given that an intact SC barrier is necessary to maintain the
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unique environment necessary for germ cell development and
that disruption of the SC barrier results in loss of advanced
germ cells independent of an immune response, this dual role
of the SC barrier makes it difficult to directly test the impor-
tance of the SC barrier in testis immune privilege. Therefore, a
model that could separate these functions is needed.

Understanding the Immunological Role of SCs
and the SC Barrier through SC Transplantation
Studies

The initial studies on testis immune privilege pointed to a role
for SCs. Therefore, Selawry et al. [32], co-grafted allogeneic pan-
creatic islets with syngeneic or allogeneic SC-enriched fractions
underneath the kidney capsule of diabetic rats. In this study,
65% of the co-grafted animals remained normoglycemic for
over 100 days, while none of the animals receiving islets alone
became normoglycemic. However, a short course of immune
suppression (cyclosporine for 3 days) was required for the SCs
to prolong survival of allogeneic islets. Korbutt et al. [33], ex-
tended these results by modifying the SC isolation method and
adding a recovery period by culturing the cells in vitro as aggre-
gates for 48 h. Electron microscopy revealed that tight junctions
were formed between adjacent SCs during this recovery period.
Co-transplantation of allogeneic islets with the aggregated SCs
resulted in 100% islet graft survival (based on normoglycemia)
for at least 100 days without the requirement of immune sup-
pression. Double immunostaining the grafts for insulin (islet
cell marker) and vimentin (SC marker) demonstrated that the is-
lets were present in close proximity to SCs. Korbutt et al. [33],
concluded that “The aggregated state of SCs, which allows the
formation of intercellular tight junctions, promotes intercellular
cooperation and creates a more functional effector unit, more
closely resembling the organization of SCs within the seminifer-
ous tubules”. Subsequent studies demonstrated that Sertoli
cellular aggregates can protect co-grafted islets from an autoim-
mune response [34, 35] and xenogeneic rejection [36–38] (also
reviewed in [39]). These studies primarily focused on investigat-
ing the importance of immunoregualtory factors expressed by
SCs in protecting the islets while the role of the SC barrier in
this protection was largely overlooked.

Within our SC–islet co-grafts [40], we observed that the SCs
were arranged in tubule-like structures similar to those in the
testis. This suggested us that transplanted SCs could be used to
study testis function. Therefore, in 2002 we developed a model to
study testicular morphogenesis. [41]. In this model, SCs were iso-
lated from neonatal pig testes. The isolation method resulted in
dissociated SCs (Fig. 1A), which were then cultured in vitro for
48 h on non-tissue culture treated petri dishes in Ham’s F10 me-
dia with supplements and 10% heat-inactivated neonatal pig se-
rum [41]. These culture conditions resulted in reaggregation of
the dissociated SCs (Fig. 1B). These Sertoli cellular aggregates,
containing 92.5 6 3.5% SCs and 2.2 6 0.7% myoid cells, were
transplanted underneath the kidney capsule of naı̈ve severe
combined immunodeficient (SCID) mice. Morphological and his-
tological analysis of graft bearing kidneys, collected between 0
and 150 days post-transplantation, was performed to analyze the
progressive development of structures resembling testicular
cords. Immediately after transplantation, Sertoli cellular aggre-
gates were randomly arranged and by day 3 post-transplantation
the SCs and myoid cells had begun to organize into clusters form-
ing precursors to cords (Fig. 2A–D). With progression of time,
cord/tubule like structures similar to those found in germ cell de-
pleted (SC only) seminiferous tubules were detected (Fig. 2E and
F). Analysis of grafts, collected at days 90 and 150 post-
transplantation, for Wilms’ Tumor 1 (WT1; SC marker) and
smooth muscle alpha actin (myoid cell marker) revealed that the
SCs were arranged with their nuclei along the basal edge adjacent
to the myoid cells that were surrounding the tubules (Figs 3 and
4). Additionally, numerous blood vessels were also detected
within the grafts (Fig. 4C and F). The vessels were located outside
of the tubule-like structures, consistent with a recent study de-
scribing the potential role of pertubular myoid cells in inhibiting
vascular growth resulting in the avascularity of the seminiferous
tubules within the testis [42].

Given the similar arrangement to testicular seminiferous tu-
bules, we further analyzed the grafts for the tight junction pro-
tein, claudin-11, which was detected between the adjacent SCs
arranged in tubule-like structures (Fig. 5). Collectively, this dem-
onstrated that the transplanted SCs and myoid cells can orient
themselves into testis like tubules ectopically and thus this
in vivo transplantation model can be used to study testis devel-
opment/morphogenesis such as seminiferous cord formation

Figure 1: Isolation and in vitro culture of neonatal pig SCs. Male neonatal pigs (1–3 days old) were used as testis donors. Testes were surgically removed and placed in

cold Hanks balanced salt solution (HBSS) supplemented with 0.25% (w/v) fraction V bovine serum albumin (Sigma Chemical Company, St Louis, MO). The testes were

cut into small fragments, digested for 10 min at 37 �C with collagenase type V (2.5 mg/ml; Sigma), and then washed with cold HBSS. The tissue was further suspended

in calcium-free medium supplemented with 1mM ethyleneglycoltetraacetic acid (EGTA) and digested with trypsin (25 lg/ml; Boehringer Mannheim, Laval, Canada)

and DNase (4 lg/ml, Boehringer) for 10 min at 37 �C. The tissue was then passed through a nylon mesh, washed with HBSS, and cultured in nontreated petri dishes in

Ham’s F10 media with supplements (10 mmol/L D-glucose, 2mmol/L L-glutamine, 50 lmol/L isobutylmethylxanthine, 0.5% bovine serum albumin, 10 mmol/L nicotin-

amide, 100U/ml penicillin and 100 lg/ml streptomycin) and 10% heat-inactivated neonatal pig serum. (A) Immediately after isolation, dissociated NPSC were detected

in the media and (B) after 48 h of culture the formation of Sertoli cellular aggregates was observed.
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and Sertoli–myoid cell interactions. Moreover, detection of
claudin-11 between SCs suggests the presence of tight junctions
between transplanted SCs, further validating that the trans-
plantation model can be used to study the immunological role
of the SC barrier in SC immune privilege.

Thus, we analyzed SC/islet co-grafts for cellular localization
and ectopic tubule formation. Allogeneic BALB/c SCs and islets
were co-transplanted underneath the kidney capsule of diabetic
C3H mice without any immunosuppression [43, 44]. The survival
time of co-transplanted islets was significantly prolonged com-
pared to controls (containing islets only), with 61.5% of grafts
surviving beyond 60 days. Double immunostaining the success-
ful grafts, collected at over 100 days post-transplantation, for
WT1 and insulin revealed that the majority of the transplanted
islets were located outside the tubules (Fig. 6A–C) indicating im-
mune protection of islets within the grafts is not dependent on
sequestering the islets behind the SC barrier. However, since
myoid cells alone are sufficient to restrict the entry of immune
cells into the seminiferous tubules in the testis, it is plausible
that co-transplanted islets are protected behind the myoid cell
layer surrounding the tubules. Double immunostaining of the
grafts for insulin and smooth muscle alpha actin demonstrated

that the myoid cell barrier is also not critical for islet cell survival
as islets were present both inside (Fig. 6D and E) and outside (Fig.
6F and G) the myoid cell layer. Collectively, these data suggest
that rather than sequestering the transplanted islets within the
SC barrier, the barrier plays an indirect role in protecting the is-
lets. For instance, primary SCs co-cultured with peritubular
myoid cells stimulated clusterin (an immunoregulatory factor)
secretion by SCs (2–3-fold) compared to controls (SCs cultured
alone) [45]. Peritubular myoid cells, cultured alone, did not pro-
duce considerable amounts of clusterin [45]. Thus, SC interac-
tions with other SCs or myoid cells, achieved through tubule like
arrangement, could be important for production of immunore-
gualtory factors and protection of co-grafted cells. Overall, the
transplanted cells create the appropriate immunoregulatory en-
vironment necessary for protection of co-grafted cells.

Of additional relevance to protection of germ cells from an
autoimmune attack, SCs also provide immune protection to is-
lets in a non-obese diabetic (NOD) mouse model of autoimmune
type 1 diabetes. In these mice, syngeneic islets are destroyed by
an autoimmune mechanism. Using this model, SCs co-
transplanted with pancreatic islets were capable of prolonging
syngeneic islet graft survival regardless of whether the islets

Figure 2: Cord-like structures and tubule formation by transplanted SCs. Eleven million neonatal pig Sertoli cellular aggregates, containing myoid cells, were trans-

planted underneath the kidney capsule of male SCID mice (6–8 weeks old; Taconic Farms). Graft bearing kidneys were collected at 0 (A, B), 3 (C, D), and 21 (E, F) days

post-transplantation, immersed in Z-fix and embedded in paraffin. The tissue sections were stained with hematoxylin and eosin. B, D and F represents higher magnifi-

cation images of A, C and E, respectively.
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were co-grafted with the SCs within the same kidney or trans-
planted to separate kidneys, demonstrating systemic tolerance
independent of the SC barrier. Overall islet graft survival was
significantly prolonged to over 60 days in 40–64% of the recipi-
ents, while all recipients that received islets only (no SCs)

rejected the islet grafts within 14 days [34, 35]. Moreover, trans-
plantation of encapsulated neonatal porcine SCs into the intra-
peritoneal cavity of diabetic or prediabetic NOD mice resulted in
the return to normoglycemia or prevention of diabetes in 81 or
88% of the mice, respectively. Further analysis indicated that

Figure 3: Immunolocalization of transplanted SCs in the cord/tubule like structures. Eleven million neonatal pig Sertoli cellular aggregates, containing myoid cells,

were transplanted underneath the kidney capsule of male SCID mice (6-8 weeks old; Taconic Farms). Grafts were collected at 90 (A, B) and 150 (C, D) days post-trans-

plantation. Tissue sections were immunostained with WT1 (SC marker, brown color, A-D; 1:10 dilution; Dako/Agilent Technologies, Santa Clara, CA) antibody. The sec-

tions were counterstained with hematoxylin to detect cell nuclei (blue color, A–D). B and D are higher magnification images of A and C, respectively.

Figure 4: Immunolocalization of myoid cells in the cord/tubule like structures. Eleven million neonatal pig Sertoli cellular aggregates, containing myoid cells, were

transplanted underneath the kidney capsule of male SCID mice (6–8 weeks old; Taconic Farms). Grafts were collected at 90 (A–C) and 150 (D–F) days post-transplanta-

tion. Tissue sections were immunostained with smooth muscle alpha-actin (myoid cell marker, brown color, A, B, D and E; 1:50 dilution; Dako/Agilent Technologies) or

CD31/PECAM1 (endothelial cell marker, brown color, C and F; 1:10 dilution; Abcam, Cambridge, MA) antibodies. The sections were counterstained with hematoxylin to

detect cell nuclei (blue color, A–F). B and E are higher magnification images of A and D, respectively. The brown peritubular myoid cells can be seen surrounding the tu-

bule structures (A, B, D and E). Arrowheads in C and F represent endothelial cells lining the blood vessels.
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the SCs reestablished systemic immune tolerance within the
mice, thus, preventing the autoimmune attack on the islets,
while also promoting beta cell regeneration [46, 47]. These stud-
ies support the ability of SCs to modulate the whole immune
environment rather than just protecting cells sequestered be-
hind the SC barrier.

Additional support that testis immune privilege is more than
just the SC barrier comes from several studies. For instance, foreign
tissue engrafted into the testis interstitium outside the SC barrier
enjoyed extended survival (reviewed in [4, 48]). Preleptotene sper-
matocytes, located in the basal compartment outside the SC bar-
rier, are immunogeneic and yet are not attacked by the immune
system [49]. Routine fine needle biopsies, causing local injury to
the seminiferous tubules, fail to elicit an immune response against
auto-immunogeneic germ cells [50]. Also, in seasonal breeders, the
SC barrier is cyclically disrupted during the non-breeding period
and yet the development of meiotic spermatocytes is possible in
the absence of this barrier [51]. Collectively, these studies suggest
that the whole testis, rather than the adluminal compartment, is
immune privileged.

In the testis, SCs create a unique microenvironment for
germ cell development by sequestering the advanced germ
cells behind the SC barrier and by expressing immunoregual-
tory molecules that protect these auto-antigeneic germ cells
from immune attack (reviewed in [4, 48]). Interestingly, SCs are
capable of creating a comparable immune modulatory environ-
ment that provides immune protection to co-transplanted cells
when they are transplanted ectopically. With this model, our
lab has demonstrated that SCs survive allo- and xeno-
transplantation by inducing regulatory T cells and regulatory
macrophages (M2 macrophages). Similar modifications to im-
mune cells by SCs is likely how they protect germ cells within
the testis. In an attempt to identify factors important for SC

immune regulation, we performed microarray analysis on the
enriched primary SC preparations that have been shown to
survive as allografts after transplantation in mice [52]. The
gene expression profile was compared between these SCs and
MSC-1 cells, a mouse Sertoli cell line that is rejected when allo-
transplanted. Two thousand three hundred and sixty nine
genes were differentially expressed by at least 4-fold, including
340 immune related genes. For instance, thrombospondin 1
and 2, which convert latent transforming growth factor (TGF)b
into active TGFb, are upregulated 4.3 and 11.2-fold, respec-
tively, in enriched primary SCs compared to MSC-1 cells. Active
TGF-b is important for inducing regulatory immune cells such
as regulatory T cells and regulatory macrophages [53, 54].
Additionally, several potential immune regulatory pathways
were identified including inhibition of complement activation
and membrane associated cell lysis, suppression of inflamma-
tion by specific cytokines and prostanoid molecules, and slow-
ing of leukocyte migration by controlled cell junctions and
actin polymerization.

Differential expression of these genes could be due to epige-
netic differences between the primary SCs and MSC-1 cells as it
was shown that the lack of follicle stimulating hormone recep-
tor (FSHr) expression in MSC-1 cells is due to an epigenetic
change when compared with primary SCs. Comparison of the
DNA methylation pattern in the FSHr promoter in MSC-1 cells
and SCs identified four methylated CpG dinucleotides in the
MSC-1 cells. This methylation is thought to explain the SC spe-
cific expression of FSHr in the male. Consistently the FSHr pro-
moter was also found to be methylated in the promoter region
in other tissues that do not express FSHr [55]. Further compari-
son of the specific epigenetic modifications regulating the im-
mune regulatory pathways in SCs and MSC-1 cells would be
interesting but requires further study.

Figure 5: Immunolocalization of claudin-11 in the cord/tubule like structures. Eleven million neonatal pig Sertoli cellular aggregates, containing myoid cells, were

transplanted underneath the kidney capsule of male SCID mice (6–8 weeks old; Taconic Farms). Graft bearing kidneys were collected at 90 (A and B) and 150 (C and D)

days post-transplantation and immunostained for claudin-11 (tight junction protein, green color, A–D; 1:100 dilution; Santa Cruz Biotechnology, Inc., Dallas, TX). The

sections were counterstained with 40,6-diamidino-2-phenylindole (DAPI; ThermoFisher Scientific, Waltham, MA) to detect cell nuclei (blue color, A-D). B and D are

higher magnification images of A and C, respectively.
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Other Potential Uses of This SC
Transplantation Model

Testicular tissue grafting, implanting pieces of testicular tissue
into rodents, is currently utilized to study regulation of sperma-
togenesis, effect of drugs on testicular function and pathophysi-
ology of testicular tissue [56–58]. However, the effects of drugs/
environmental toxins on testis morphogenesis, testicular cell
interactions as they come together to form cords and tight junc-
tion formation are difficult to investigate using the testis tissue
grafting technique as the seminiferous tubules are already es-
tablished. Our SC transplantation model utilizes SCs and myoid
cells that are dissociated during the isolation procedure.
Furthermore, we have demonstrated that dissociated SCs and
myoid cells can reaggregate in vitro, and reform cords/tubules
in vivo suggesting this model could be useful to answer these
questions.

During fetal testis development SCs aggregate with primor-
dial germ cells, begin to differentiate and become polarized, and
peritubular myoid cells surround the aggregating SCs and pri-
mordial germ cells [59]. Thus, SC–peritubular myoid cell interac-
tions promote seminiferous cord formation during early testis
development. At the onset of puberty these cords then give rise

to seminiferous tubules [59]. Utilizing the SC transplantation
model, containing myoid cells, the effects of environmental tox-
ins on SC specific gene expression/epigenetics, SC–peritubular
myoid cell interactions and cord/tubule formation could be ana-
lyzed ectopically. A system to analyze these effects independent
of the other testicular cells would help identify their individual
contributions. Additionally, the isolation protocol could be mod-
ified to include other testicular cells such as Leydig cells and
spermatogonia in the isolated testicular cellular aggregates.
Thereby, interactions among other testicular cells and sperma-
togenesis can also be studied.

Historically, the kidney capsule is used as a transplantation
site to study cell survival. However, it cannot be used to study
spermatogenesis due to its high temperature (37 �C versus 32 �C
required for spermatogenesis). In a preliminary attempt to study
whether isolated Sertoli cellular aggregates can orient them-
selves into testis like tubules at lower temperature, Sertoli cellu-
lar aggregates (isolated from neonatal pigs) were transplanted
subcutaneously under the skin. The transplanted cells were col-
lected at days 34 and 61 post-transplantation and analyzed for
tubule formation (Fig. 7). Similar to the kidney transplantation
site, the SCs transplanted subcutaneously were arranged in tu-
bule like structures suggesting that transplantation of Sertoli

Figure 6: Immunolocalization of islets, SCs and myoid cells in the grafts. Primary mouse SCs were isolated from BALB/c mice (8–10 days old; Charles Rivers

Laboratories; Wilmigton, MA) and cultured in vitro as described in Fig. 1. Islets were isolated from male BALB/c mice (6–8 weeks old; Charles Rivers Laboratories) by col-

lagenase digestion of the pancreas and Ficoll density gradient purification. The isolated islets were cultured in nontreated petri dishes in Ham’s F10 media with supple-

ments at 37 �C. Three million BALB/c SCs were co-transplanted with 500 BALB/c islets underneath the kidney capsule of diabetic C3H mice as allografts. The graft

bearing kidneys were collected from normoglycemic mice at day 102 post-transplantation. The tissue sections were double immunostained for WT1 (SC marker, green,

A–C) or smooth muscle alpha-actin (myoid cell marker, green, D–G) and insulin (islet cell marker, red, A–G; 1:1000 dilution; Dako/Agilent Technologies). Sections were

counterstained with DAPI to detect cell nuclei (blue color, A–G; ThermoFisher Scientific). Asterisks represent SC tubules.
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cellular aggregates, containing spermatogonia, can be used to
study spermatogenesis ectopically. In 2006, a three-dimensional
culture system containing dissociated testicular cells plated on
extracellular matrix gel to study testicular development was also
utilized [60–62]. Here, testicular cells isolated from postnatal rats
were plated on extracellular matrix gel and after 3 days spherical
cell aggregates were observed in vitro [62]. Xenografting of extra-
cellular matrix gel-enclosed spherical testicular cell aggregates
was required for further progression of the morphogenetic cas-
cade [62]. Although, this model offers advantages over testis tis-
sue grafting, the use of matrigel in three-dimensional culture
system has some pitfalls. For instance, matrigel contains murine
laminin 1, collagen IV, heparin sulfate proteoglycans and TGF-b,
which can interfere with experimental analysis when testing
specific factors [63]. Nonetheless, together these studies suggest
that Sertoli cellular aggregates can be utilized to study testis
morphogenesis after transplantation.

Spermatogenesis requires a controlled hormonal environ-
ment and thus the testis is vulnerable to endocrine-disrupting
chemicals (EDC) such as phthalates, pesticides, phytoestrogens,
xenoestrogens and fungicides. SCs and myoid cells express an-
drogen receptor thereby putting these cells at higher risk from
EDC [64]. Dobrinski et al., evaluated the effects of phthalates on
testis maturation and function by transplanting testis frag-
ments from 6 months old rhesus macaques subcutaneously
into SCID mice that were exposed to different doses of phthal-
ates [65]. Utilizing this model, it was demonstrated that expo-
sure to a high dose (500 mg/kg, used as a positive control)
impaired tubule lumen formation, germ cell differentiation and
reduced the number of spermatogonia, while a low dose of
phthalates (10 mg/kg, physiological dose) did not affect testis
maturation but reduced SC number [65]. Phthalate exposure is
associated with increased inflammation, oxidative stress and
macrophage activation [66–68]. Thus, a decreased observance of
detrimental effects on testis morphology, utilizing the low dose
of phthalates, could be attributed to the use of immune defi-
cient mice in this study. The SC transplantation model using
testicular cells transplanted into a syngeneic immune compe-
tent recipient (e.g. BALB/c testicular cells into a BALB/c mouse)
could be used to determine the combined effects of phthalates
and the immune response on testis cord formation, SC tight
junctions, myoid cell barrier and SC–myoid cell interactions.

Heavy metals such as lead and cadmium chloride disrupt
seminiferous tubules thereby adversely affecting spermatogen-
esis [69, 70]. These heavy metals affect SCs directly by breaking

down SC tight junctions resulting in increased SC barrier per-
meability and damaging the SC mitochondria and endoplasmic
reticulum resulting in apoptosis [69, 70]. For instance, primary
SCs plated on reconstituted basement membrane were utilized
to study the effects of cadmium on SC tight junctions in vitro
[71] by measuring the tight junction assembly using transepi-
thelial electrical resistance (TER). An increase in TER across the
SC epithelia indicated the formation of inter-SC tight junctions.
Exposure of these cells to cadmium chloride perturbed the
inter-SC tight junction assembly in a dose dependent manner
which was accompanied by a steady decline in occludin expres-
sion [71]. In addition to the in vitro cultured SC model, the SC
transplantation model can further provide insight in determin-
ing the effects of heavy metals on SC–myoid cell interactions,
SC tight junctions and permeability of the SC–myoid cell barrier.

Another advantage of this model is the ability to genetically
manipulate or treat the isolated cells in vitro prior to transplan-
tation. For example, we have engineered isolated mouse, rat,
and pig SCs to express insulin as a potential treatment for type
1 diabetes [72–74]. Initially using an adenoviral vector contain-
ing furin-modified human proinsulin cDNA, we found that the
engineered SCs were able to transiently decrease blood glucose
levels after transplantation into diabetic SCID mice. More
recently using a lentiviral vector, we have demonstrated the
long-term stable expression of insulin by SCs after allotrans-
plantation into BALB/c mice. Other investigators have geneti-
cally modified SCs to express chemokine receptor 7 (CCR7) to
direct SCs transplanted into the abdominal cavity to the second-
ary lymphoid organs or inhibited the expression of indole-
amine, 2, 3-dioxygenase (IDO) by SCs using siRNA to test the
importance of IDO in SC protection from diabetes in NOD mice
[46, 75]. In the later study, survival was prolonged to over 130
days in over 80% of mice that received SCs transduced with con-
trol siRNA, while all mice transplanted with SCs lacking IDO ex-
pression developed diabetes. These studies demonstrate the
feasibility of engineering SCs in vitro prior to transplantation.
This approach could be used to manipulate the cells to either
express or inhibit other factors related to testis morphogenesis
or immune regulation in order to investigate the individual role
of these factors.

Collectively, the SC transplantation model provides an addi-
tional method to shed light on SC immune regulation and the
role of the SC barrier in testis immune privilege. This model is
advantageous in that it allows for the modification of the cells
in vitro prior to transplantation as well as a method to separate

Figure 7: Immunolocalization of SCs in the cord/tubule like structures. Eleven million neonatal pig Sertoli cellular aggregates, containing myoid cells, were trans-

planted subcutaneously in male SCID mice (6–8 weeks old; Taconic Farms). Grafted cells were collected at 34 (A) and 61 (B) days post-transplantation, immersed in Z-fix

and embedded in paraffin. The tissue sections were stained with hematoxylin and eosin.
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the role of SCs and myoid cells from the other testicular cells
such as Leydig cells or macrophages that may play a role in im-
mune modulation. The formation of cord like structures and tu-
bules in this model, which contains both SCs and myoid cells,
further extends its application to study testis morphogenesis,
tight junction formation and SC–myoid cell interactions.
Furthermore, the effects of environmental toxins or other treat-
ments on SC gene expression/epigenetics, immune privilege,
testis morphogenesis, and the SC–myoid cell barrier could also
be tested utilizing this model.
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