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Background. Mixed allogeneic hematopoietic chi-
merism has previously been reliably achieved and
shown to induce tolerance to fully MHC-mismaitched
allografts in mice and monkeys. However, the estab-
lishment of hematopoietic chimerism has been diffi-
cult to achieve in the discordant pig-to-primate xeno-
geneic model.

Methods. To address this issue, two cynomolgus
monkeys were conditioned by whole body irradiation
(total dose 300 ¢Gy) 6 and 5 days before the infusion of
pig bone marrow (BM). Monkey anti-pig natural anti-
bodies were immunoadsorbed by extracorporeal per-
fusion of monkey blood through a pig liver, immedi-
ately before the intravenous infusicn of porcine BM
(day 0). Cyclosporine was administered for 4 weeks
and 15-deoxyspergualin for 2 weeks. One monkey re-
ceived recombinant pig cytokines (stem cell factor and
interleukin 3) for 2 weeks, whereas the other received
only saline as a control,

Results. Both monkeys recovered from pancytope-
nia within 4 weeks of whole body irradiation. Anti-pig
IgM and IgG antibodies were successfully depleted by
the liver perfusion but returned to pretreatment lev-
els within 12-14 days. Methylcellulose colony assays at
days 180 and 300 revealed that about 2% of the myeloid
progenitors in the BM of the cytokine-treated recipi-
ent were of pig origin, whereas no chimerism was de-
tected in the BM of the untreated control monkey at
similar times. The chimeric animal was less respon-
sive by mixed lymphocyte reaction to pig-specific
stimulators than the control monkey and significantly
hyporesponsive when compared with a monkey that
had rejected a porecine kidney transplant.

Conclusion. To our knowledge, this is the first report
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of long-term survival of discordant xenogeneicBMin a
primate recipient.

The insufficient supply of donors organs is a major problem
in organ transplantation today. Xenofransplantation is a
possible solution to this increasing need. Miniature swine
have several potential advantages as a donor species, includ-
ing excellent breeding characteristies, a size similar to hu-
mans, and physiological similarities (1, 2). Pigs are, however,
immunologically discordant to humans, and therefore sev-
eral obstacles have to be surmounted before clinical xeno-
transplantation is likely to be successful.

Induction of donor-gpecific tolerance to swine xenoantigens
by hematopoietic fissue transplantation would have signifi-
cant advantages over chronic pharmacologic immunosup-
pressive therapy and is being investigated (3). The successful
induction of mixed chimerism would allow graft acceptance
while maintaining otherwise normal immune responses (4).
Our laboratery has previously demonstrated that mixed lym-
phohematopoietic chimerism provides an effective means of
inducing long-term tolerance to skin grafts across full MHC
barriers in mice (5, ) and, more recently, to kidney ailografts
in eynomolgus monkeys (7). The efficacy of the mixed chimer-
ism approach in producing long-term survival of xenografts
in concordant rat-to-mouse combinations has also been es-
tablished (5, 8). Tolerance can also be achieved in the pig-to-
mouse combination (9), but the additional transplantation of
the porcine stromal environment is necessary for T-cell re-
constitution in severe combined immunodeficient mice (13).
However, this requirement may not be universal for all spe-
cies combinations.

There are few data of survival of bone marrow (BM?) cells
in a discordant xenogeneic environment. As the establish-
ment and long-term survival of donor BM cells in the host is
believed to be a prerequisite for achieving tolerance to a
transplanted organ, the aim of the current study was to
determine whether the engraftment of discordant xenogeneic
BM could be achieved in the clinically relevant pig-to-mon-
key combination. We present here evidence of long-term he-
matopoietic engraftment in a monkey that received porcine
BM and concomitant recombinant pig hematopoietic growth
factors (stem cell factor [SCF] and interleukin [IL]-3).

* Abbreviations: BM, bone marrow; FITC, flucrescein isothiocya-
nate; IL-3, interleukin 3; mAb, monoclonal antibody; MILR, mixed
lymphocyte reaction; PBL, peripheral blood lymphocyte; PCR, poly-
merase chain reaction; SCF, stem cell factor.
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MATERIALS AND METHODS

Animals. Male cynomolgus monkeys weighing 5-8 kg (Charles
River Laboratories, Wilmington, MA) were used as recipients. MHC
class I and class IT inbred minipigs of two haplotypes (SLA aa and
dd) and an outbred pig (Yucatan) served as donors of cells and/or
organs (11). All surgical procedures and postoperative care of the
animals were carried out in accordance with the NTH Guide for Care
and Use of Laboratory Antmals and approved by the Subcommittee
for Research Animal Care of the Massachusetts General Hospital.

Two cynomolgus monkeys (M6593, experimental; and M6093, sa-
Iine control} were followed long-term after porcine BM transplanta-
tion (Table 1). In addition, three monkeys (M4393, naive; M1294,
sensitized to pig antigens after rejection of a porcine renal xenograft;
and M1693, which had undergone a conditioning regimen followed
by renal allografting) (Table 1) provided peripheral blood lympho-
cytes (PBLg) and sera for colony-forming unit (CFU) assays, mixed
Iymphoeyte reaction (MLR), and monkey anti-pig antibody assays.

Monkey conditioning and immunosuppression. Whole body irra-
diation (300 cGy) from a 5°Cobalt source was administered in two
fractions of 100 ¢Gy on day 6 and one fraction of 100 ¢Gy on day 5.
Cyclosporine (Sandimmune; Novartis, Basel, Switzerland) was ad-
ministered intravenously from days 0 te 27 at a dose of 15 mg/kg/day,
and 15-deoxyspergualin was administered intravenously from days 0
to 13 at a dose of 6 mg/kg/day.
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Depletion of monkey anti-pig antibodies. The pig liver used for
hemoperfusion/immunoadsorption was isolated through a midiine
incision, perfused with cold Ringer’s lactate until pale, excised, and
maintained at 4°C, Monkeys were anesthetized as previously de-
scribed (12) and central venous and arterial cannulae were placed.
Splenectomy was performed immediately before pig liver hemaper-
fusion. The monkey’s blood was perfused for 60 min through the pig
liver to remove anti-pig antibodies, as previcusly described (12). The
antibody level was measured before and after liver hemoperfusion
and then daily.

Measurement of monkey anti-pig antibodies. Serum titers of mon-
key anti-pig IgG and IgM antibodies were measured by flow cytom-
etry. Briefly, freshly isolated pig PBLs were incubated for 45 min
with monkey plasma at 4°C, washed twice, and incubated for an
additional 45 min with fluorescein isothiocyanate (FITC)-conjugated
mouse anti-human IgG or IgM monoclonal antibody (mAb; Zymed,
San Francisco, CA). Phenotyping of monkey bleod for detection of pig
cells was performed using the following mAbs: (i) 36-7-5 (mouse
anti-mouse) (class I K*) [gG2b and 12-2-2 (mouse anti-mouse class I
K* IgM) as isotypic controls, (ii) W6/82 (mouse anii-human class T
MYC) cross-reactive with 100% monkey PBLs, and (iii) 1030H-1-19
(mouse anti-pig leukocyte, IgM) as a sensitive detector of a low
number of pig cells in monkey PBLs. Goat anti-mouse-FITC (Zymed)
was used as a secondary reagent. Flow cytometry was performed

TaBLE 1. Experimental design

Liver hemoperfusion

Porcine hone

Porcine growth

Monkey I[ﬁducman (anti-pig antibody marrow adminigtered factors administered Porcine dc ell sburvzva]
therapy® immunoadsorption)} (number of cellsx10%kg) (SCF and T1-3 10 pg/kg/day) (days)
M&033 WBI Yes 2.3 No <208
M6593 WBI Yes 2.5 Yes =300
M1693° WBRL TI, ATG No — e e
M12944 —_ Yes s — —
M4393° — No s — —

* Abbreviations used in table: ATG, horse anti-human thymoeyte globulin 50 mg/kg/day i.v. on three consecutive days (—2, ~1, and 0); TT,
thymie irradiation of 700 ¢Gy on day —1; WBI, whele body irradiation of 300 c¢Gy total dose in three fractions on days —6 and —5.

® Detectable by PCR.

¢ Allogeneic bone marrow and renal transplant recipient.
< Porcine renal xenograft recipient, rejected on day 7.

¢ Naive unmeodified control.
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using a Becton Bickinson FACScan, and data were analyzed with
Liysis 11 software (Becton Dickinson, San Jose, CA).

Porcine BM transplantation. BM was harvested from the donor
pig as previously described (13). Immediately after processing, the
BM was infused on day 0 approximately 3 hr after completion of liver
hemoperfusion at doses of 2.3 and 2.5x10%cells/kg, respectively, in
the two monkeys (MG093 and M6593).

Porcine growth factors. Two recombinant pig cytokines—SCF and
IL-3 (14, 15)—were administered, each at a dose of 10 pg/kg/day by
continurous intravenous infusion, except for short periods when other
medications were delivered through the same intravenous line.

Progenitor colony assay. Using an established colony assay pro-
tocol (76), BM cells were suspended in plating medium consisting of
Tacove’s modified Dulhecco’s medium (Gibeo, Grand Island, NY), 30%
heat-inactivated defined fetal bovine serum (HyClone, Logan, UT), 2
mM L-glutamine, 10~ * M S-mercaptoethanol {Sigma, St. Louis, MO?,
antibiotics, 0.8% methyleellulose (Terry Fox Laboratory Media Prep-
aration Service, Vancouver, BC, Canada), and ¢ytokines. This prep-
aration was then dispensed into 35-mm suspension culture plates in
duplicate at 1.1 ml per plate, and incubated at 37°C. To estimate the
frequency of pig progenitor chimerism, paratlel caltures were sup-
plemented with either recombinant swine IL-3, which is species
specific (17), or the recombinant human IL-3/granulocyte macroph-
age-colony stimulating factor fusion cytokine PIXY321 (Immunex,
Seattle, WA), which induces ecleny formation by both swine and
primate progenitors (I7). After 12-16 days, colonies were scored
microscopically. To confirm the species origin of colonies grown un-
der pig IL-3, colonies were picked and collected in normal saline
either individually (for definitive colonies, =500 cells) or as pools
{abortive colonies, ~100 cells each}. After pelleting, DNA was pre-
pared by the addition of 40 i of lysis buffer (10 mM Tris-HCl, pH 8.3,
50 mM KCl, 0.45% Tween-20, 0.45% NP-40, 100 pug/ml proteinase K)
followed by digestion for 60 min at 55°C. The proteinase K was
denatured by an additional 10-min incubation at 100°C. Amplifica-
tion was then carried out using Ampliwax beads (Perkin-Eimer,
Norwalk, CT), as described hy the manufacturer, and primers spe-
cific for the pig IL-3 gene. The final reaction mixtures contained 25
l of DNA in 100 pl of 10 mM Tris-HCI, pH 8.3, 50 mM KCi, 100 uM
each dNTPs, 3 mM MgCl,, and 2.5 U of Amplitaq polymerase. The
forward primer C1-F (5'-GAGCCAATCTCTATTGAGGAGG) and the
reverse primer C1-R (5'-CAATTCAACAGAC TCCACAGQG), both de-
rived from the pig IL-3 gene (14, 15), were used at 200 nM. After 33
cycles of amplification, the reaction products were separated by gel
electrophoresis, Southern blotted, and hybridized to an internal oli-
gonucleatide probe for positive identification of the pig IL-3 gene
product. All polymerase chain reactions (PCR) alse contained 10
copies of an internal positive control template, comprised of the
target pig I1-3 sequence containing a small insertion, to verify
proper amplification in each sample.

Flow cytometry for deteciion of porcine cells. The method used
involved two-color analysis to simultaneously detect pig and primate
cells. Briefly, Peripheral blood or BM cells (1-23 10%) were separated
by Ficoll density gradient and incubated with an anti-pig mAb (H-
1-19, IgM isotype) that detects all pig cells and an FITC-conjugated
anti-human class I mAb (W6/32; Harlan Sera-Lab, Sussex, England)
for 30 min at 4°C. The cells were washed in phosphate-buffered
saline/0.1% bovine serum albumin/.1% azide, pelieted, and incu-
bated with phycoerythrin-conjugated goat anti-mouse IgM (South-
ern Biotechnology Associates, Birmingham, AL) for 30 min at 4°C.
The cells were washed again, resuspended in phesphate-buffered
saline/bavine serum albumin/azide, and analyzed using the Becton
Dickinson FACScan flow cytometer running Lysis II software with
propidivm icdide gating for dead cell exclusion.

MLR. After isolation of mononuclear cells from the peripheral
blood, the cuitures were prepared in 96-well plates (Costar, Cam-
bridge, MA) with each well containing 4>10° responders and 4x 10®
irradiated (25 Gy) stimulators in 0.2 ml of AIM-V media (Gibco).
Cultures were incubated for 6 days at 37°C in 8% CO, and 100%
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humidity, and were pulsed with [*H]thymidine for the final 18 hr of
incubation. Cultures were harvested with the Betaplate system
(LKB-Wallac, Turku, Finland}, and proliferation was assayed by the
incerporation of PH|thymidine. Stimulation ratios were calculated
hy the equation:

Stimulation ratio=

Recipient anti-experimental stimulator response (cpm)x 100

Recipient anti-autologous stimulator response {cpm)

Each combination of celis was prepared in triplicate.

RESULTS

Porcine BM reconstitution. The two monkeys remained in
good general condition, although both developed some pe-
ripheral edema, probably related to hypoalbuminemia. The
white blood count reached a nadir of 0.4 and 0.7 thousand
cells/mm® on days 18 and 19 in M6593 and M6093, respec-
tively, and began to increase again shortly thereafter (Fig. 1).
Recovery to the level of 1000 cells/mm® occurred on days 22
and 26, respectively. Both animals required several transfu-
sions of packed red blood cells to maintain hematocrits >20%
during the first 3—4 weeks. Similarly, thrombocytopenia ne-
cessitated two infusions of platelets in each monkey.

Monkey anti-pig antibody levels and the secondary anti-
body response. Sixty minutes of perfusion of monkey blood
through a pig liver effectively depleted monkey anti-pig an-
tibodies, as previously described (12). Anti-pig IgM and IgG
returned to pretreatment levels between days 6 and 24 in
both animals and remained at these levels for several months
of follow-up (data not shown). The efficiency of extracorporeal
liver perfusion in this model has been described previously in
detail (12).

®

Fieure 2. PCR identification of pig progenitor colonies. BM aspi-
rates were obtained from M6593 (postoperative day 302; treated
with pig eytokines), M6093 (postoperative 330, not treated with pig
cytokines), and M1294 (untreated control} and plated in methyleel-
lulose progenitor colony cultures with pig I1E-3 (pig specific) or
PIXY321 (pan specific). After 1216 days, colonies were picked either
as single large definitive colonies (typically =500 cells) or pools of
smaller abortive colonies and assayed for the presence of the pig IL-3
gene by PCR using species-specific primers followed by gel electro-
phoresis, Southern blotting, and hybridization to a species-specific
IL-3 oligonucieotide probe. The number or colonies per assay pool is
indicated above each line. P11611 indicates PCR products from one
large colony from the BM of this pig. Control indicates PCR product
from 10 cell equivalents of purified pig DNA. All reactions contained
a pesitive internal control template, which is amplified and detected
by the same PCR and hybridization primers used to detect the
authentic pig I1-3 gene (Int. Con.-upper band in each lane).
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Tapre 2. Results of PCR for pig DNA in M6953 and MG093

Monkey s0s ttranizglyantation Cytokine Total (25111841)31“5(1 Total colonies® Chimerism®
M6953 180 PIXY321 14 105
Pig I1-3 14 2 1.9%
302 PEXY321 14 66
Pig IL-3 42 4 2.0%
M6093 208 PIXY321 14 78
Pig IL-3 14 a NI*
330 PIX¥321 14 68
Pig IL-3 42 ] ND

# Only PCR-positive colonies reported for pig IL-3 cultures.

& Chimerism={number of colonies/10* plated in pig IL-3)(number of colonies/10* plated in PIX¥321).
¢ ND, not detectable (limit of sensitivity assumes <1 colony detected).

TaBLE 3. Results of MLR®

Responders Stimulator 1 (SLA aa) Stimulator 2 (SLA dd} Stimulator 3 (YUC) Stimulator 4 (human)
Me093 22.9 2.5 8.5 170
M6593 1.3 1.1 1.6 12
M1693° 19.0 1.4 10.3 120
M1294° 64.5 6.0 44.8 39
M43937 17.8 3.0 9.8 346

® MLR responses are presented as stimulator indices.

b Allogeneic bone marrow and renal transplant recipient.
¢ Porcine renal xenograft recipient, rejected on day 7.

¢ Naive unmodified contzrol.

Detection of chimerism. Using the mAb H-1-19 and flow
cytometry, we did not observe the presence of cells expressing
the cognate pig antigen in the peripheral blood or BM of
either monkey. To detect chimerism at a more primitive
hematopoietic level, we screened BM aspirates using progen-
itor colony assays and cytokines specific for both primates
and pig (PIXY321) or just pig (recombinant pig T1.-3) (I7).
Because there was some abortive colony formation by mon-
key BM in the pig IL-3 cultures, we independently confirmed
the species origin of all of the colonies grown under pig IL-3
by PCR (for example, see Fig. 2). As outlined in Table 2, about
2% of the BM progenitors in recipient M6953 were of swine
origin at 180 and 300 days after transplantation, whereas no
swine progenitors were detected in the marrow of the control
(no cytokine) animal at 208 and 330 days after transplanta-
tion (with an estimated limit of sensitivity of about 1.3% and
0.5%, respectively).

Cellular responses. Pretransplantation MLR was not per-
formed in these studies, although previous studies have gen-
erally demonstrated a strong response in the pig-to-baboon
combination. Posttransplantation MLR revealed hypore-
sponsiveness of M6593 to pig stimulators when compared to
the response of M6093, to that of a naive monkey (M4393)
and to that of an additional monkey that underwent similar
conditioning and immunosuppression (M1693) (Table 3). The
alloresponses on 6593 and 6093 both remain comparable to
those of naive monkeys (with stimulation indices of 30--100-
fold}. These observations suggest functional hyporesponsive-
ness. In three separate MLR assays performed at 200, 250,
and 270 days after BM transplantation, the responses of
M6593 were lower to two of three pig haplotypes tested than
were those of M6093. MLR against a different xenogeneic
target (human) (Table 3) and allogeneic targets (data not

shown) remained relatively strong in all animals, suggesting
specific hyporespongiveness to porcine antigen(s).

DISCUSSION

To our knowledge, this is the first evidence of long-term
survival of BM in vivo in this discordant xenogeneic combi-
nation, and it encourages us in our goal of achieving toler-
ance induction through chimerism. Although we are fully
aware of the very small number of animals in this study,
certain aspects of the regimen that led to this result are
worthy of comment.

The nonmyeloablative conditioning regimen used in this
and our previcusly described studies (12} causes substantial
aplasia and necessitates blood product support. Recently
published reports indicate the possibility of achieving en-
graftment of allogeneic BM in hosts not receiving myelosup-
pressive conditioning (18, 19). Extrapolation of such protocols
to xenogeneic BM transplantation would clearly make this
approach more attractive for clinical application.

Extracorporeal liver hemoperfusion has prevented or de-
layed hyperacute rejection of pig kidneys in over 20 monkeys
studied at our center (I2). The side effects of liver hemoper-
fusion include significant trapping of red blood cells and
platelets, nonspecific loss of proteins, and transient hemody-
namic instability. The safety of this approach is confirmed,
however, by limited but well-documented clinical studies in
which the approach of extracorporesl pig liver hemoperfusion
has been used to support patients in fulminant hepatic fail-
ure (20, 21). However, we have recently changed to the use of
immunoaffinity columns of synthetic Galal-3Gal oligosac-
charides instead of pig livers, with equal efficiency (22, 23).

The induction of T-cell tolerance by the mixed chimerism
approach may also result in the induction of tolerance at the
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humoral level (24). Because anti-pig antibodies returned af.
ter pig liver hemoperfusion in M6593, higher levels of chi-
merism may be needed to achieve such B-cell tolerance. The
return of antibedy may be associated with the absence of
chimerism in the blood of this animal. In addition to an
insufficient level of chimerism, the lack of humeral tolerance
may be related to the presence of “memory” B or plasma cells.
15-Deoxyspergualin, which has been used to prevent anti-
body-mediated rejection in patients with ABO-incompatible
kidney transplants (25), is currently being tested in many
experimental xenofransplantation models to suppress the
rebound of xenoreactive antibodies previously depleted from
the circulation (26). It is difficult to assess its effectiveness in
the current study. Splenectomy is believed to disturb the
proliferative response of circulating B lymphocytes (27) and
is widely used in experimental models of xenotransplanta-
tion and in ABO-incompatible kidney transplantation (28),
although no adequate control data are available. Splenec-
tomy was included in our own protocol based on observations
that it results in decreased levels of circulating IgM (26) and
in an approximate 60% reduction in anti-pig antibodies in
baboons (23).

The survival of porcine progenitor cells in the BM in the
presence of anti-pig antibodies is intriguing. Possible expla-
nations include a low immunegenicity of progenitors (with
possibly low expression of aGal), although in vitro studies do
not suggest this is so (D. Emery, unpublished data). Accom-
modation could take place within the BM, the progenitor cells
may be “sequestered” in the BM, or the BM may act as an
immunoprivileged site. This latter possibility may also ex-
plain the absence of pig cells in the blood. Pig cells leaving the
BM may be susceptible to destruction by anti-a(Gal antibod-
ies. Alternatively, it could be that the pig progenitors, al-
though able to expand and differentiate to form colonies
within the BM, proliferate inadequately in the blood in the
absence of the long-term presence of pig-specific eytokines.

Using BM progenitor colony assays and conformational
PCR, we were able to document hematopoietic chimerism in
the cytokine-treated recipient at 180 and 300 days after
transplantation but not in the untreated control animal.
Although only 2% chimerism was detected in this animal
{M6593), this level was consistently above the limit of detec-
tion, which we have estimated to be 1.3%. However, the
relatively small difference between the limit of detection and
the detected level makes it difficult to assess the true differ-
ence in chimerism between this animal and the control ani-
mal (M6093). To estimate the frequency of this chimerism,
we used the human IL-3/granulocyte macrophage-colony
stimulating factor fusion melecule PIXY321 to induce colony
formation by progenitors of both swine and monkey origin,
and pig 11.-3 to preferentially induce colony formation by pig
progenitors alone. Previous studies demonstrated that
PIXY321 induces progenitor colony formation by pig progen-
itors essentially as well as pig TL-3 (17, and is known to be
highly active among primates, Nevertheless, there may be
subtle differences in the activities of these cytokines on the
progenitors of the two species used in this study, so that the
degree of chimerism measured here (1.9-2.0%) should only
be considered an estimate. Chimerism at the level of mature
hematopoietic cells was not observed in the peripheral blood
or BM of either recipient based on flow cytometry with the
mAb H-1-19, which is highly specific for an epitope on all pig
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blood cells. This may either be due to the limits of detection
in this assay or to the lack of terminal maturation of the pig
myeloid progenitors in the absence of a continual source of
species-specific cytokines such as I1.-3 or SCF. Precedence for
this latter possibility comes from human-to-severe combined
immunodeficient mouse BM transplantation studies in
which peripheral chimerism could only be achieved after
spiking the recipients with species-specific eytokines such as
PIXY321 or SCF (29).

The results of MLR would suggest that (i) infusion of the
pig BM did not cause an increase in the response to stimu-
lation by porcine eells, and (ii} hyporesponsiveness to pig
antigens in the chimeric monkey (M6593) might be related to
the long-term presence of pig cells in the BM of the host. It
cannot be excluded that exposure to the donor’s antigens in
the form of infused BM is sufficient to cause hyporesponsive-
ness in MLR by a mechanism similar to that of donor-specific
blood transfusion (30). The interpretation of MLE should be
made in the context of recent findings suggesting nondefec-
tive recognition of xenogeneic antigens (31}, and indicating
very strong human anti-pig MLR reactivity (32}, The fact
that anti-pig responses in M6593 were drastically dimin-
ished is, therefore, encouraging. _
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