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Production and rearing of germ-free X-SCID pigs
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Abstract: Pigs with X-linked severe combined immunodeficiency (X-SCID) caused by a mutation of
the interleukin-2 receptor gamma chain gene (IL2RG) are of value for a wide range of studies.
However, they do not survive longer than 8 weeks because of their susceptibility to infections. To
allow longer survival of X-SCID pigs, the animals must be born and reared under germ-free conditions.
Here, we established an efficient system for piglet derivation by hysterectomy and used it to obtain
and maintain a germ-free X-SCID pig. In four trials using pregnant wild-type pigs, 66% of piglets after
hysterectomy started spontaneous breathing (range of 20-100% per litter). The resuscitation rate
was found to negatively correlate with elapsed time from the uterus excision to piglet derivation
(r=-0.97, P<0.05). Therefore, it is critical to deliver piglets within 5 min to achieve a high resuscitation
rate (82% estimated from regression analysis). In a fifth trial with an IL2RG*'~ pig, four piglets were
delivered within 4.2 min of uterus excision and three were alive (75%). One of the live born piglets
was genotypically and phenotypically determined to be X-SCID and was reared for 12 weeks. The
X-SCID piglet was free from both bacteria and fungi at all time points tested by microbial culture and
grew without any abnormal signs or symptoms. This study showed successful production and rearing
of germ-free pigs, enabling experiments involving long-term follow-up of X-SCID pigs.

Key words: germ-free pig, gnotobiote, interleukin-2 receptor gamma chain gene (/L2RG) knock-out,
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Introduction ripotency [4, 12, 22]. The possibility of using immuno-

deficient pigs for similar purposes is attractive as it offers

Immunodeficient mice are widely used for generating  the advantages that pigs more closely resemble humans
xenograft disease models [5, 9] and assessing cell plu-  in terms of size, longevity and other physiological pa-
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rameters [10, 20]. Recently, we generated X-linked se-
vere combined immunodeficiency (X-SCID) pigs by
disrupting the interleukin-2 receptor gamma chain gene
(IL2RG) using genome editing and somatic cell nuclear
transfer technologies [23]. T and NK cells are absent in
X-SCID pigs although B cells are still present. This phe-
notypic profile is more similar to that of human X-SCID
patients than X-SCID mice not carrying B cells [1, 2,
16]. Due to the immunodeficiency, X-SCID (IL2RG™~ or
IL2RG™Y) pigs all died by 54 days of age as reported
previously [21]. This early death hinders availability of
X-SCID pigs and spoils the chance of leaving offspring.
Therefore, a robust system for derivation and rearing of
germ-free pigs is needed to generate germ-free X-SCID
pigs efficiently and to extend their survival.

The production of germ-free pigs was first reported in
1964 [13] and in subsequent studies [8, 14, 19]. Piglets
were obtained from pregnant pigs by hysterotomy and/
or hysterectomy. Hysterectomy appears to be better than
hysterotomy because the former has achieved the short-
er surgical time (30 min versus 4 h) and the higher germ-
free rate (91% versus 77%) [14]. The resuscitation rate
of piglets delivered by hysterectomy, however, shows a
wide range among studies [8, 14].

In this study, we established an efficient system for
piglet derivation using hysterectomy of wild-type pigs
to optimize the conditions for delivery of piglets. Then,
we generated a germ-free X-SCID pig from a heterozy-
gous (IL2RG™") pig and maintained one germ-free pig-
let for 12 weeks under strict microbial control. Based on
the size of the isolator in which the pigs were reared, 12
weeks was the longest available period of rearing in this
study.

Materials and Methods

Surgical derivation of piglets

The experimental protocols were approved by the
animal experiment committee of Jichi Medical Univer-
sity and by the Institutional Animal Care and Use Com-
mittee of Meiji University. To generate wild-type piglets,
female domestic pigs (Landrace x Large White) were
mated with male domestic pigs (Duroc), and a female
miniature pig (White miniature F1) was mated with a
male miniature pig (Chinese miniature). To generate
X-SCID pigs, a female IL2RG "'~ pig, which was gener-
ated using sperm derived from a chimera between X-
SCID and wild-type pigs (unpublished data) [23], was

mated with a male domestic pig (Duroc). At 112 days of
gestation (full term, 114 days), pregnant pigs were anes-
thetized either with 1-5% isoflurane (Pig ID, P1-3 and
PS5) or with sevoflurane (P4), depending on the anesthe-
sia apparatuses equipped in the facilities where the pig-
lets were delivered. Because our preliminary experi-
ments have shown that additional treatment with atropine
sulfate, medetomidine chloride, and midazolam prior to
the anesthesia decreased the resuscitation rate of deliv-
ered piglets, the preanesthetic drugs were not adminis-
tered in this study. The uterus was excised from the
anesthetized pig and was transferred into a plastic isola-
tor (Ishizawa Corporation of Medical Implement, Ibara-
ki, Japan) (Figs. 1A and B) through a tank containing
100 L of 0.1% peracetic acid (Animal Biosecurity Con-
sulting Inc., Chiba, Japan) for decontamination of the
uterus. This isolator was sterilized by fumigating with
1% peracetic acid in advance. The piglets were then
taken from the uterus in the isolator. Resuscitation rates
were calculated by dividing the number of piglets that
started spontaneous breathing by those that were deliv-
ered. Fetuses in which hearts had already stopped beat-
ing at delivery were defined as stillborn and they were
excluded from the calculation of the resuscitation rate.
Elapsed time from the excision of uterus cervix (uterus
excision) to the completion of piglet derivation was
measured. Some of the live piglets were transferred to
rearing isolators (Ishizawa Corporation of Medical Im-
plement) (Fig. 1C) that had been sterilized by spraying
with 1% peracetic acid in advance. They were fed with
milk (Nosan Corp., Kanagawa, Japan) and water, which
had been sterilized by gamma irradiation (50 kGy/box)
and autoclaving, respectively. When the milk or water
in the rearing isolators was consumed, a replacement
container was provided through the transfer port, in
which containers for milk or water were sterilized by
spraying with 1% peracetic acid (Fig. 1C).

Microbial monitoring

The germ-free status of piglets was evaluated by mi-
crobial culture of samples at least every other week as
described previously [11]. Specifically, samples were
obtained from skin, oral mucosa, and stool swabs and
inoculated into four different media: heart infusion broth
(Becton Dickinson, BD, NJ, USA) for aerobic bacteria;
cooked meat medium (BD) for anaerobic bacteria; thio-
glycollate medium (BD) for anaerobic bacteria; and
potato dextrose broth (BD) for fungi. After 2 weeks of
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Fig. 1. Side and upper views of isolators. (A) The original isolator for piglet derivation and a peracetic acid tank
(indicated by mesh pattern) for sterilizing the uterus. The excised uterus was put inside a net, which was
bound with a rope linking to the inside of the isolator. The net containing the excised uterus was brought
into the isolator through a peracetic acid tank by pulling the rope. Arrows indicate connectors to rearing
isolators. Two pairs of gloves are equipped. (B) An improved isolator for piglet derivation. A peracetic acid
tank is directly attached to the isolator, which has four pairs of gloves. (C) A rearing isolator. One isolator
can maintain a maximum of two piglets using a partition. Arrowheads indicate the transfer port through
which containers for milk and water are sterilized before entry into the rearing isolators. The transfer port
also serves as a connector to isolators for piglet derivation.

culture, microbial growth was assessed by visual checks
of the media.

Identification of X-SCID pigs

Piglets delivered from the IL2RG*~ pig were sub-
jected to immediate analyses to determine whether they
were wildtype, heterozygotes, or X-SCID by PCR and
flow cytometry of the umbilical cord blood cells as de-
scribed previously [23]. Briefly, genomic DNA was
extracted from the cord blood with a commercially avail-
able kit (Qiagen, Venlo, Netherlands). Then, the target
region of /L2RG was amplified by PCR using Ex Taq
(Takara Bio, Shiga, Japan) and the primer set
5'-ATAGTGGTGTCAGTGTGATTGAGC-3" and
5'-TACGAACTGACTTATGACTTACC-3". The ampli-
fied products were separated by agarose gel electropho-
resis. For flow cytometric analysis, the cord blood was
treated with erythrocyte-lysis buffer (155 mM NH,CI,
100 mM KHCO3;, and 1 mM EDTA) for 5 min at 37°C.
Then, 1-10 x 10° cells were incubated with mouse anti-
pig CD3e (Abcam, Cambridge, UK), CD16 (Bio-Rad,
CA, USA), CD45RA (Bio-Rad), and monocyte and
granulocyte (M/G) (Abcam) antibodies for 30 min at

room temperature. The stained cells were analyzed using
an SH800 flow cytometer (Sony, Tokyo, Japan).

Statistical analysis

The correlation of the resuscitation rate of piglets and
the elapsed time from uterus excision to piglet derivation
was analyzed by Pearson’s test using R software [18]. A
value of P<0.05 was considered as statistically signifi-
cant.

Results

To determine the resuscitation rate of piglets by hys-
terectomy, pregnant wild-type pigs (domestic and min-
iature) were used. In the first trial (Pig ID, P1) with an
original isolator (Fig. 1A), it took 11.8 min to deliver 10
piglets and the resuscitation rate of piglets was only 20%
(Table 1). In the subsequent trials with the improved
isolator (Fig. 1B), the derivation time became shortened
(1.8—6.8 min) and the resuscitation rates became sig-
nificantly increased (73—100%). We found that the re-
suscitation rates were negatively correlated with the
elapsed time from uterus excision to completion of pig-
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Table 1. Derivation of piglets by hysterectomy

Pig No. (%) of piglets

Elapsed time to piglet derivation (min)

Genotype ID Delivered  Resuscitated

Wild-type  PI 10 2(20) 11.8
P2 11 8(73) 6.8
P3 8 8 (100) 4.1
P4 3 3(100) 1.8
Overall 32 21 (66) 6.1+£3.7
IL2RG"~  P5 40 3(75) 42

aMean + SD. Four stillborn piglets were also found in the uterus.

Table 2. Microbial monitoring of germ-free piglets

Weeks old
Litter ID Genotype Sex
0 1 2 4 6to 122
P1-1 Wild-type Female - - +b +b Euthanized
P2-1 Wild-type  Male - NT - - Euthanized
P2-2 Wild-type  Male - NT - - Euthanized
P3-1 Wild-type  Male - NT - - Euthanized
P3-2 Wild-type  Male - NT - - Euthanized
P5-3 IL2RG™Y  Male - NT - — —

Rate germ-free 6/6 (100%) 1/1 (100%) 5/6 (83%) 5/6 (83%) 1/1 (100%)

aOMicrobial monitoring was performed every other week. ’Staphylococcus epidermidis was detected. NT:

Not tested.

100 * in 5 min. On the other hand, the elapsed time from the
AN = 097 beginning of anesthesia to the uterus excision (1628

80 N N P<0.05 min) did not affect the resuscitation rates.
€0 A Mo . Randomly selected live piglets were transferred into
2 AN the rearing isolators and were maintained germfree. Mi-
~ 40 N crobial monitoring immediately after transfer into the
N . isolators revealed that all five piglets were free from both
20 . bacteria and fungi. In the first trial of germ-free rearing,
coagulase-negative staphylococci were detected from all
0 o R . . 12 swab samples at 2 weeks of rearing (Table 2). The bac-

(min) teria were identified as Staphylococcus epidermidis using
a commercially available kit for gram-positive bacteria
(BBL Crystal GP ID kit, BD). To prevent microbial con-
tamination in following trials, containers for milk and
water, which were placed into the rearing isolator, were

preliminarily decontaminated with 0.1% peracetic acid

Fig. 2. Scatter plots of the resuscitation rate versus
elapsed time from the uterus excision to
completion of derivation using wild-type
pigs. The dashed line represents regression
line. The rate was negatively correlated
with the derivation time. Thus, we recom-
mend the completion of piglet derivation
within 5 min after the uterus excision.

before sterilization with 1% peracetic acid in the transfer
port (Fig. 1C). After the introduction of this decontami-
nation procedure, in the next trial, four piglets were
maintained germ-free for the scheduled 4 weeks (Table

let derivation (=—0.97, P<0.05) (Table 1 and Fig. 2).
Therefore, shortening the derivation time is critically
important for increasing the resuscitation rate. From the
regression line in Fig. 2, an estimated resuscitation rate
of 82% was obtained if the piglets were delivered with-

2).

As wild type piglets were successfully delivered and
maintained germ-free for 4 weeks, we then tried to gen-
erate germ-free X-SCID pigs. We carried out hysterec-
tomy on a pregnant /L2RG""~ pig and successfully de-
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Fig. 3. Genotypic and phenotypic identification of an X-SCID piglet. (A) Genotyping of three live
male piglets from a pregnant IL2RG"~ pig assessed by PCR targeting IL2RG. N.C., negative
control. P.C., positive control. (B) A germ-free X-SCID piglet held by the hands of an
operator, wearing gloves equipped to the rearing isolator. (C) Flow cytometric analysis of
T, B and NK cells in the umbilical cord blood cells (UCBC) and the peripheral blood cells
(PBC) from the piglets (P5-2 and P5-3). P5-3 was identified as X-SCID.

livered three live male piglets (75%) within 4.2 min of
uterus excision, although one female was dead (Table
1). Additionally, four stillborn piglets were also found
in the uterus. One of the three live male piglets (ID,
P5-3) was found to carry the /L2RG knock-out allele
(IL2RG™'Y) (Figs. 3A and B). Flow cytometric analysis
of the cord blood of this piglet showed that the animal
lacked T and NK cells, although B cells were present
(Fig. 3C). The profiles were phenotypically similar to
those of human X-SCID. The proportion of X-SCID pigs
(1/4) was as expected from Mendelian segregation. This

X-SCID pig was transferred to the rearing isolator and
was maintained germ-free for a scheduled 12 weeks; the
germ-free status of the piglet was confirmed negative by
microbial cultures every other week and the absence of
abnormal signs or symptoms in the piglet (Table 2). As
a result of the growth of the piglet, 12 weeks was the
longest possible period for rearing in the isolator. At the
time of euthanasia, B cells were no longer detectable in
the peripheral blood of the animal (Fig. 3C).
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Discussion

X-SCID pigs are attractive for research use because
they do not induce T cell- and NK cell-mediated immune
responses against allogeneic or xenogeneic stimuli, for
instance human cells or derivatives. However, as re-
ported by Suzuki et al. [21], X-SCID pigs do not survive
beyond 8 weeks of birth if they do not receive bone
marrow transplantation from wild-type pigs to recon-
struct their immune system. In this study, we maintained
a germ-free X-SCID pig for a scheduled 12 weeks with-
out any symptoms or signs of illness despite the fact that
the animal lacked T and NK cells. These results indicate
that germ-free X-SCID pigs produced and reared in this
manner will enable us to monitor pigs for the requisite
time for most chronic experiments. Although the rearing
period of 12 weeks was determined by the limitation of
piglet body size within the isolator, it can be extended
either by increasing the isolator size or by miniaturiza-
tion of X-SCID pigs.

When the X-SCID piglet was euthanized after the
completion of the scheduled rearing period, B cells were
absent in addition to T and NK cells, although B cells
had been detected in the cord blood at birth (Fig. 3). The
loss of B cells in the blood cell populations might be a
natural progression in /L2RG knock-out pigs. In human
subjects, B cells remain at least several years after birth
[7]. On the other hand, B cells are absent from birth in
X-SCID mice. The reason for the difference in B cell
behavior in X-SCID species is unclear. In any case, the
B cells present in X-SCID animals are not functional [6].

To establish a robust system for the efficient derivation
of germ-free piglets, we performed hysterectomy on four
pregnant wild-type pigs. As a result, we found that the
resuscitation rate of piglets was negatively correlated
with the elapsed time from uterus excision to derivation
of the piglet (Fig. 2). This clearly indicates that rapid
derivation is a key factor in achieving a high resuscita-
tion rate. In our system, the plastic isolator used for
piglet derivation was improved to facilitate the process
of decontaminating the uterus and transferring it into the
isolator (Figs. 1A and B). In addition, the equipment
gloves, which limit the number of staff who could par-
ticipate in the derivation and recovery of piglets, were
doubled in number and thus four members of staff could
participate in the procedure at the same time. The im-
proved isolator allowed us to deliver piglets from a
uterus within 5 min. The resuscitation rate of piglets

delivered within 5 min was 93% (14/15) in this study,
which was higher than that reported in a previous report
(72%, 36/50) [8] and comparable to that of another report
(90%, 1,267/1,410) [14]. Therefore, a maximum time of
5 min for piglet derivation can be set as a criterion for
successful germ-free delivery.

The resuscitation rates were not affected by the meth-
ods of anesthesia either with isoflurane (Pig ID, P1-3
and P5) or with sevoflurane (P4) in this study (Table 1
and Fig. 2). In fact, a previous study showed that the
methods of anesthesia did not affect physiological pa-
rameters including the uterine blood flow, fetal heart
rates, blood pressure, and blood gases in sheep [17].
Germ-free piglets generated in this study could be used
as a source of gnotobiotic pigs for the study of gut mi-
crobiota [3, 15]. The system for producing germ-free
pigs can also be applied for generating clinical-grade
xenografts or human tissues from pluripotent stem cells
in pigs in vivo, such as pancreatic islets [24].

In conclusion, we successfully and efficiently gener-
ated germ-free wild-type and X-SCID pigs, and main-
tained an X-SCID pig for 12 weeks under germ-free
conditions. This work will pave the way for the use of
germ-free and X-SCID pigs.
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