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SUMMARY

Introduction: Immune dysfunction, promoted by pro-inflammatory cytokines, plays a

pivotal role in neurodegeneration associated with Huntington’s disease. Aims: The aim of

this study was to investigate the emerging immunoregulatory and antiinflammatory prop-

erties of Sertoli cells in Huntington’s disease. Methods: The experimental R6/2 mouse

model of Huntington’s disease was treated by a single intraperitoneal injection of microen-

capsulated prepubertal porcine Sertoli cells and lifespan, motor performance and striatal

inflammatory pattern have been evaluated. Results: The results of this study demonstrated

that a single intraperitoneal injection of microencapsulated prepubertal porcine Sertoli cells

uniquely improved performances and extended the life expectancy of R6/2 Huntington’s

disease mice, by immune dysfunction modulation in brain. Conclusions: This study high-

lights the immunomodulatory and trophic role of Sertoli cells that could be of help in the

treatment of neurodegenerative disorders.

Introduction

Huntington disease (HD) is a neurodegenerative, autosomal

dominantly transmitted disease whose single expanded CAG-

HTT gene mutation results in the synthesis of mutant hunt-

ingtin (mHtt), a misfolded protein, with an elongated polyglu-

tamine stretch in the N-terminus [1]. In the brain, progressive

striatal atrophy, white matter degeneration (i.e., cortico-striatal

and corpus callosum fibres) and glial activation typically hall-

mark HD and represent early events in the disease course [2].

mHtt in the striatum is one of the culprits for neurode-

generation. Immune dysfunction, induced by mHtt, is found

in both central (CNS) and peripheral immune system. In

particular, mHtt induces activation of microglial cells, which

primarily mediate neuroinflammation and represent key

players in the pathogenesis of neurodegenerative disorders

[3].

Testis-derived Sertoli cells (SC), secreting trophic and

immunomodulatory factors that are indispensable for germ cells

development, have been used for years in the experimental cell
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therapy of chronic neurological and inflammatory diseases, with

variable extent of success [4,5].

Materials and Methods

SC Isolation, Culture and Characterization

Specific pathogen-free (SPF) large white neonatal pigs

(20–25 days old) grown in a unique SPF pig colony in Italy, the

Experimental Zooprophylactic Institute of Lombardia and Emilia

Romagna, were placed in sterile boxes and transported to the sur-

gical suite at the Veterinary Medical College, University of Peru-

gia. SPF pig strains are microbial-free animals, whose use may be

envisioned also in humans. Sertoli cells (SC) were isolated,

according to previously established methods, modified in our lab-

oratory [6].

SC Viability and Preparation of Alginate-Based
Microcapsules

Immediately after isolation, at day 3 of culture, SC viability was

assessed as previously described [6] and cell culture medium was

collected for in vitro treatments. SC were then encapsulated in

alginate microcapsules (MC-SC) according to our method, based

on spraying cell suspended in Na alginate solution microdroplets

into a Ba chloride bath: the droplets immediately turn into gel

microbeads entrapping SC [6].

Apoptosis Assessment

Conditionally immortalized mouse striatal knock-in cells express-

ing endogenous levels of wild-type (STHdh7/7) or mutant hunt-

ingtin (STHdh111/111) were purchased from the Coriell Cell

Repositories (Coriell Institute for Medical Research, Camden, NJ,

USA). Apoptosis evaluation was performed as previously

described [7].

Animal Model and Transplantation Protocol

All in vivo experiments were conducted in R6/2 transgenic mice

expressing exon 1 of human Htt with approximately 160 � 10

(CAG) repeats and manifesting first symptoms around week 6,

and in wild-type (WT) littermates, maintained on the B6CBA

strain (Jackson Laboratories, Bar Harbor, MI, USA).

Biochemical assessments were carried out on brain tissues of

mice euthanized at 12 weeks of age. 10 R6/2 mice used for testing

the effect of MC-SC on animal lifespan were checked daily but

otherwise left undisturbed until they died naturally. All experi-

mental protocols were approved by IRCCS Neuromed Animal Care

Review Board and by “Ministero della Salute” (permit number:

43/2011-A).

Mice of each genotype were divided into two experimental

groups: (1): n = 6 mice (two males and four females) treated with

empty microcapsules (EC); (2): n = 10 (one male and nine

females) mice treated with MC-SC (1 9 106 SC/gram of body

weight). EC and MC-SC were injected into the peritoneum with a

syringe (needle gauge: 16 G). All treated animals were monitored

weekly throughout 12 weeks. Mice from the same F generation

were assigned to experimental groups, such that age and weight

were matched.

Motor Behaviour Tests and Survival Study

Training and baseline testing for motor function were carried out

prior to MC-SC administration. On this purpose, 8–10 mice per

group were examined. General motor function was measured

weekly during the entire treatment period. Locomotor behaviour

and motor performance were performed using open field, hori-

zontal ladder task and rotarod test as previously described [7].

Protein Lysate Preparation

Dissected brain tissues were homogenized in lysis buffer contain-

ing 20 mM Tris, pH 7.4, 1% Nonidet P-40, 1 mmol/L EDTA,
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Figure 1 MC-SC effect in vitro. Analysis of

apoptosis in striatal-derived cell lines, cultured

for 6 h in serum-free medium, in the presence

or absence of conditioned medium from

3.5 million Sertoli cells. Data represent the

mean � SD of four experiments, each

performed in triplicate.

***P < 0.001.
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20 mmol/L NaF, 2 mmol/L Na3V04 and protease inhibitor mix-

ture (Sigma-Aldrich Corporation, Buchs SG, Switzerland), soni-

cated with 2 9 10 s pulses and centrifuged for 10 min at

10,000 9 g.

Western Blotting Analysis

Western blotting analyses were conducted as previously

described [8], using antiphosphorylated p65 (Cell Signalling

Technology, Danvers, MA, USA), anti-iNOS, anti-COX2 and

anti-GAPDH (Santa Cruz Biotechnology, Dallas, TX, USA) as

primary antibodies.

Real-Time PCR Analysis

Real-time PCR analyses were conducted as previously described [8].

Statistical Analysis

Two-way ANOVA followed by Bonferroni post hoc test for multi-

ple comparisons were used to compare treatment groups in the

open-field, rotarod and horizontal ladder tests. Kaplan–Meier

curves employing log-rank test were used to analyse mice sur-

vival. Nonparametric Mann–Whitney U-test was used to analyse

cell apoptosis. Two-tailed t-tests were employed in all other

experiments. All data are expressed as mean � SD.
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Figure 2 MC-SC effects in vivo. Lifespan and motor function in R6/2 mice in vivo: (A) Kaplan–Meier probability of survival analysis in MC-SC- and EC-

treated R6/2 mice. N = 5 mice for each group **P < 0.01. (B and C) Analysis of motor coordination, before and after transplantation of either EC or MC-SC

in 6-week-old R6/2 mice and WT littermates. (B) latency to fall, on rotarod test and (C) total error score, on horizontal ladder task. Total error score is the

cumulative number of footfall errors in the horizontal ladder task. (D) General locomotor activity in the open field in the same mice, before and after

transplantation. Each data point represents the average performance � SD of 6–10 mice for each group. *P < 0.05; **P < 0.001; ***P < 0.0001

(EC-treated WT versus EC-treated R6/2); #P < 0.05; ##P < 0.001; ###P < 0.0001 (EC-treated R6/2 versus MC-SC-treated R6/2); $P < 0.05; $$P < 0.001;
$$$P < 0.0001 (MC-SC-treated WT versus MC-SC-treated R6/2).
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Results

Motor Performance Improvement and Lifespan
Extension by MC-SC Treatment

The inhibition of apoptosis in the in vitro model of Huntington

disease, STHdh111/111 cells, by factors secreted by SC (Figure 1),

led us to evaluate whether a single intraperitoneal SC injection in

R6/2 mouse model would improve motor performance and pro-

long the animals life expectancy.

As transplanted “naked” SC would be impossible to retrieve if

necessary, pure populations of isolated specific pathogen-free

(SPF) prepubertal pig Sertoli cells (SC) were enveloped within

alginate-based microcapsules resulting in viable microencapsu-

lated pig SC (MC-SC) [6].

Injection of MC-SC at the beginning of the symptomatic disease

onset (6 weeks of age) significantly extended the R6/2 mice lifes-

pan (Figure 2A) according to Kaplan–Meier survival curve analy-

sis, likely reflecting a neuroprotective effect of the intervention.

Moreover, MC-SC significantly preserved motor function and pre-

vented the progressive and dramatic motor worsening commonly

observed in R6/2 mice (Figure 2B, C and D). We observed that

MC-SC beneficial effects on motor coordination were maintained

throughout 6 weeks, as assessed by rotarod and horizontal ladder

tests (Figure 2B and C), while, spontaneous locomotor activity,

maintained for about 3 weeks after the injection, showed a slight

worsening, as evaluated by open-field test (Figure 2D). Starting

from the first week and throughout the postintervention follow-

up, MC-SC-treated mice performed significantly better than con-

trols. The efficacy of MC-SC injection on motor symptoms, even

at very late stages of the disease, seems to constitute an important

therapeutic tool for treating HD.

Reduction of Neuroinflammatory Markers by
MC-SC Treatment

The activation of the immune system and the altered immune

response, as the presymptomatic stage of HD, lead to striatal and

cortical neurodegeneration [3]. Therefore, we analysed striatal

levels of pro-inflammatory molecules (Figure 3A and B). We

found that MC-SC injection induced important changes of the

pro-inflammatory patterns, as shown by the decreased levels of

NF-jB activation, iNOS (inducible nitric oxide synthase) and

COX2 (cyclooxygenase 2) protein expression (Figure 3A). Fur-

thermore, we observed that mRNA levels of TNFa and IL-1b were

downregulated (Figure 3B), while levels of the anti-inflammatory

cytokine IL-10 were significantly upregulated by MC-SC injection

(Figure 3B). We also analysed other cerebral regions, that is hip-

pocampus and cortex and found less pronounced effects of MC-SC

injection on the inflammatory markers (data not shown) confirm-

ing that the striatum is primarily involved in the degenerative

process [3].

Discussion

Our data provide clear evidence of the neuroprotective and anti-

inflammatory effects of a single intraperitoneal injection of

microencapsulated prepubertal porcine Sertoli cells, as shown by

improved functional performance and extension of R6/2 HD mice

lifespan. Indeed, disease progression was dramatically slowed

down until animal death.

Soluble factors, such as cytokines (i.e., TNFa and IL-1b), prosta-
glandins synthesized by COX2, and nitric oxide, synthesized by

iNOS, are increased in several mouse models of HD and in the

serum of patients with HD. Collectively, these factors are deemed
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Figure 3 MC-SC effects on striatal inflammatory pattern. Striatal pro-

inflammatory molecules pattern: (A) Protein expression of, NF-jB,

phospho-p65 (pNF-jB), COX2 and iNOS in the striatum of WT and R6/2

mice transplanted with either EC or MC-SC. Bar graph represents the

mean � SD of densitometric analysis of the bands compared to GAPDH.

(B) mRNA levels of TNF-a, IL-1b and IL-10 expressed as 2�DDCt. Data

represent the mean � SD of n = 4 mice for each group. *P < 0.05 versus

WT; #P < 0.05 versus R6/2 EC; §P < 0.05 versus WT.

ª 2016 John Wiley & Sons Ltd CNS Neuroscience & Therapeutics 22 (2016) 686–690 689

G. Luca et al. Neuroprotection by Sertoli Cells in HD



to be responsible for neuronal dysfunction and degeneration [3].

Notably, we confirmed that brain lysates of R6/2 mice exhibited

significantly higher levels of IL-1b as compared to wild-type

controls. IL-1b directly induces neurotoxicity via activation of the

NF-jB pathway. Of interest is the evidence that the pro-inflam-

matory NF-jB signalling pathway is upregulated by mHtt, thereby

possibly contributing to neuroinflammation [3]. We showed that

intraperitoneal injection of MC-SC reduced NF-jB activation.

Typical of neuroinflammation is the presence of overactivated

microglial cells, also shown in the R6/2 mouse model [3]. It is

likely that MC-SC-derived immunomodulatory factors [4] acted

on microglial cells preventing their overactivation, thereby

decreasing pro-inflammatory molecule levels.

Moreover, defective regulation of growth factors, such as brain-

derived neurotrophic factor (BDNF) and glial-derived neu-

rotrophic factor (GDNF), affects CNS function and contributes to

the pathogenesis of HD [2]. It is known that intrastriatal injection

of “naked” SC enhances survival of dopaminergic neurons and

induces an extensive neurite outgrowth by GDNF, a SC secretory

product [4].

It has been recently demonstrated that cerebral vasculature

is damaged in R6/2 mice and in patients with HD leading to

blood-brain barrier leakage [9]. Moreover, a functional CNS

lymphatic system, able to carry both fluid and immune cells

from the cerebrospinal fluid, has been recently discovered [10].

These results might underpin the effects of intraperitoneal-

transplanted MC-SC on brain function, although the hypothe-

sis that Sertoli cells may exert beneficial effects in periphery,

thus improving the disease progression, cannot be at present

ruled out and will be the object of further researches.

In conclusion, we showed for the first time that a single

intraperitoneal injection of SPF MC-SC in R6/2 mice remark-

ably prolonged the animals lifespan with concomitant improve-

ment of their quality of life, as assessed by motor function

analysis, at least in part, by reducing striatal inflammation. On

the whole, these results corroborate the novel concept that SC

can be envisioned as a cellular complex that secretes a cocktail

of bioactive molecules. These are associated with immunomod-

ulatory and trophic properties that synergistically act on multi-

ple fronts.
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