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EXPRESSION OF AN ALLOGENEIC MHC DRB TRANSGENE,
THROUGH RETROVIRAL TRANSDUCTION OF BONE MARROW,
INDUCES SPECIFIC REDUCTION OF ALLOREACTIVITY'
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Background.: Transfer of MHC class Il genes,
through aliogeneic bone marrow (BM) transplanta-
tion, induced long-lasting acceptance of renal al-
lografts in miniature swine. To adapt this approach to
the clinic, we have now examined whether somatic
transfer of allogeneic class II DR genes, into otherwise
autologous bone marrow cells (BMC), can provide the
matching required for inducing immune tolerance.

Methods. Autologous BMC were transduced ex vivo
with recombinant retroviruses for allogeneic DRB fol-
lowed by BM transplantation. The recipients were
then challenged with kidney allografts solely matched
to the DRB transgene.
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Results. Five miniature swine received autologous
BMC conditioned with growth factors and transduced
with recombinant retrovirus vectors containing allo-
geneic (n=4) or syngeneic (n=1) class II DRB genes
and a drug-resistance marker. Expression of retrovi-
rus-derived products in BM-derived cells was demon-
strated by the detection of drug-resistant colony-form-
ing progenitors and the presence of DRB retrovirus
transcripts in peripheral cells, Analysis of selective
mixed lymphocyte reaction responses to DR or DQ
antigens indicated decreased reactivity toward the
transduced DR gene product. Among all of the animals
receiving fully mismatched kidney allografts, but with
DRB matched to the transduced DRB, the one with the
highest gene transduction rate showed stable allogyaft
function and essentially normal renal histology for 2.5
years. A control animal, which received a syngeneic
DRB gene, rejected its kidney allograft in 120 days
after an earlier rejection crisis,

Conclusions. These studies demonstrate that alloge-
neic MHC gene transfer into BM provides a new strat-
egy for inducing tolerance across MHC barriers.
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TaBLE 1. Summary of experimental animals

. DRB genotype , Age  Weight  Cella/k Engraftment? Time from ;

Animal Host  Vector Cytokines (wi) (kg) (x1o7§a gzdays) BMT ¢0 KTx Haploégzxiu dney
10660 ce d ne 14 9 4 9 152 dd (14, TId)
10680 dd c no 17 14 13 12 162 ii (a, e
10697 dd e no 17 18 9 13 160 ji (Ta, IIc)
10807 ce ¢ no 12 9 8 14 158 dd (14, IId)
10738 o d yes 17 11 10 14 158 dd (Id, IId)
Avg + 8D 152 12+4 9+3 12+2 157=3

@ Number of cells from transduction culture infused per kilogram body weight.

® Days after BMT to white blood cell count of 1000/mm?®.

© SLA haplotypes are given with alleles at the class I (I) and class IT (I} loci.

Because of clinical complications associated with chronic
immunosuppression and chronic rejection, induction of spe-
cific tolerance in adults remainsg an important goal of trans-
plantation research. We have developed a preclinical model,
using MHC-inbred miniature swine (), which exhibit many
physiologic and immunologic similarities to human beings
(2). Selective allogeneic bone marrow fransplantation
(BMT*) between MHC homozygotes and intra-MHC recom-
binant donor/recipient pairs has demonstrated the over-
whelming importance of class II matching for induetion of
tolerance to allogeneic kidneys (reviewed in ). Thus, a short
course of perioperative cyclosporine (CsA) permitted long-
term survival of 100% of the class II-matched, class I-mis-
matched, renal allografis (4). With the ultimate goal of
adapting this strategy to the clinic, we have begun studies
aimed at determining whether transfer of allogeneie class IT
genes into autologous bone marrow cells (BMC) may substi-
tute for allogeneic BMT and ultimately may permit tolerance
induction (5-8). For this purpose, pig class II DRB recombi-
nant retroviral vectors have been developed and the expres-
sion of the introduced class IT 8 chain has been documented
in fibroblasts as well as in murine and porcine bone marrow
(BM) progenitors (5, 9).

In the present study, five animals have been reconstituted
with autologous BMC transduced with a recombinant retro-
virus vector containing the class I DRB transgene from the
SLA? haplotype in the presence of ¢-Kit ligand (KL) and the
fusion melecule PIXY321 (human interleukin [IL]-3 and
granulocyte/macrophage-colony-stimulating factor [GM-
CSF)). Long-term expression of the transduced DRB® in BM-
derived cells is documented. In addition, we describe the
effects of allogeneic DRB expression in vivo on assays of
peripheral immunity as well as on induction of unresponsive-
ness to a subsequent kidney graft expressing the same DR
antigens. Together, these results demonsgtirate the potential
efficacy of this approach for the induction of specific unre-
sponsiveness toward transplanted tissues and define this
large animal model for the subsequent testing of alternative
vectors and transduction protocols,

* Abbreviations: BM, bone marrow; BMC, bone marrow cells;
BMT, bone marrow transplantation; CFC, colony-forming cells; CsA,
cyclosporine; FBS, fetal bovine serum; GM-CSF, granulocyte/macro-
phage-colony-stimulating factor; HSC, hematopoietic stem cell; IL,
interleukin; KL, ¢-Kit ligand; KTx, kidney transplantation; LCM,
lymphocyte-conditioned medivm; LTR, long-terminal repeat; mAb,
monoclonal antibedy; MLR, mixed lymphocyte reaction; PBL, pe-
ripheral blood Iymphocytes; PHA, phytohemagghutinin; POD, post-
operative day; UT, untranslated; WBC, whole blood cells.

MATERIALS AND METHODS

Animals. Transplant donors and recipients were from our herd of
partially inbred miniature swine (reviewed in 3). The SLA genotypes
of the animals included in these studies are shown in Table 1.
Genotyping was controlled by strict pedigreed breeding and con-
firmed by microcytoxicity testing using allospecific antisera (10). At
the time of BMT, swine were 13-17 weeks old and weighed from 8 to
16 kg. At the time of kidney transplantation, recipients were 8--9
months of age, weighing 20--35 kg. All procedures were performed in
accordanee with the Guide for the Care and Use of Laboratory Ani-
mals, and approved by the Institutional Animal Care and Use Com-
mittees of the Massachusetts General Hospital.

Vector construction and virus production. Construction of the ret-
rovirus vector GS4.5 and derivation of high titer producer clones
have been described elsewhere {9) (see Fig. 1). The retrovirus vector
G87.3 was constructed in a similar fashion using an SLA-DRB®
cDNA (11). The G84.5 construct was transferred into the ampho-
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FIGURE 1. Retrovirus vectors. The fop diagram depicts the structure
of the recombinant DRB plasmid. cDNA for the g chain of SLA class
IT DR from either the d (vector G84.5 (9)) or the ¢ (vector GS7.3)
allele, together with a promoter from the herpes simplex virus thy-
midine kinagse gene (51) (Tk, hatched oval), were inserted into the
cloning site of the 3' LTR of the N2A double-copy vector (52). Tran-
scription units {arrows): the neomycin phosphotransferase gene
(NEO®); the splice donor (sd) and eryptic splice acceptor (sa) sites as
well as the cleavage/polyadenylation (C/PA) sites are indicated. The
bottom diagram illustrates the configuration of the proviral form of
the DRB-retroviral genome. Large blunt arrows bracket the poly-
merase chain reaction-amplified 3' UT probe used for Northern blot
analysis (see Fig. 3 for details).
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tropic packaging line PA317 (12), whereas the G87.3 construct was
packaged into the GP+env Am12 line (13), Cell clones were derived
that produced virus at approximately 10° colony-forming units/ml,
based on drug-resistance titering on NIH 3T3 cells (9). These pro-
ducer clones were also found to be free of competent helper virus as
evaluated by a marker-rescue assay (14, 15). Virus producer cells
were cultured at 37°C in Dulbecco’s modified Eagle’s medium (Life
Technologies, Grand Island, NY) supplemented with 16% heat-inac-
tivated fetal bovine serum (FBS; Sigma Chemical Co., St. Louis,
MO), 2 mM r-glutamine (Life Technologies), i mM sodium pyruvate
(Whittaker Bioproducts, Walkersville, MD), 0.1 mM nonessential
amino acids (Whittaker), and penicillin/streptomycin antibiotics
(Life Technologies). Virus-containing supernatant was collected from
subconfiuent to confluent plates after 24 hr with fresh media, passed
through & 0.45 uM low protein-binding filter (Sterifil D-HV; Milli-
pore, Bedford, MA), and stored at —70°C hefore use.

Clonogenic progenitor assay. As described elsewhere (5, 16),
swine BMC were suspended in plating medium consisting of Iscove’s
modified Dulbecco’s media (Life Technologies), 30% heat-inactivated
defined ¥BS (HyClone, Logan, UT), 2 mM 1L-glutamine, 107* M
p-mercaptoethanol (Sigma), antibiotics, 0.8% methylcellulose (by
adding 36% v/v of a commercially prepared solution; Terry Fox
Laboratory Media Preparation Service, Vancouver, BC), and growth
factors (described below). For drug selection, the neemycin analog
G418 (Geneticin, Life Technologies} was added at a final active
component concentration of 1.3 mg/ml. This preparation was then
dispensed into 35-mm suspensian culture plates in duplicate at 1.1
ml per plate, and incubated at 37°C. Colonies of =100 cells were
enumerated microscopically after 12—16 days, and consisted predom-
inantly of granulocytes and macrophages (16). Phytohemagglutinin
(PHA)-stimulated swine lymphocyte-conditioned medium (LCM)
was prepared by incubating peripheral blood lymphocytes (PBL)
isolated from a Ficell gradient (I.SM; Organon Teknika Corp.,
Durham, NC) at 16° cells/ml in Tscove’s modified Dulbeceo’s media,
20% defined FBS, 2 mM L-glutamine, 10™* M S-mercaptoethanol,
antibiotics, and 1% v/v PHA (Life Technologies). After incubation at
87°C for 7 days, the supernatant was harvested by centrifugation,
passed through a 0.2-um filter, and stored at —20°C. Human PHA-
L.CM was purchased from the Terry Fox Media Preparation Service,
Recombinant human GM-CSF was a gift from Sandoz Pharmaceu-
ticals Corp. (Hanover, NJ). Both the human 1L-3/GM-CSF fusion
molecule PIXY321 and the recombinant murine KL were gifts from
Immunex Corp. (Seattle, WA), Colony assay results were compared
using a two-tailed Student’s ¢ test assuming unequal variance.

BMC transduction and transplantation. Total BMC were pre-
pared from partially inbred miniature swine as described (17, 18).
The resulting cavernous bone was cut into small pieces, suspended in
RPMI 1640 medium (Life Technologies) containing 5 pg/ml deoxyri-
bonuclease (Sigma), and mechanically agitated for 1-2 hr. Bone
fragments were then removed by passing through a nylon mesh, and
the resulting single-cell suspension was depleted of contaminating
erythrocytes with ACK lysing buffer (B&B Research Labs,
Fiskeville, RI) and finally washed. The BMC were incubated at 33°C
in 5% CO, at approximately 5x10° cells per ml in 15-cm tissue
culture dishes (Falcon Labware, Cockeysville, MD)} each containing
120 ml of freshly thawed virus supernatant supplemented with 2
mM L-glutamine, 6 pug/ml polybrene (hexademethrine bromide; Sig-
ma}, 1 ug/ml gentamicin (Life Technologies), and 2-3% conditioned
medium from swine long-term BM culture (16). After 18-20 hr, the
medium, minus the nonadherent cells, was replaced with freshly
thawed virus supernatant supplemented as above. After an addi-
tional 20-hr period, cells were collected, washed in Hanks’ balanced
salt solution (Life Technologies), and resuspended in 10% autologous
serum diluted in Hanks’ balanced salt solution.

Miniature swine BMT procedures have been reported previously
(17, 19, 20). Briefly, autologous BMC were harvested 2 days before
BMT (day —2) from pigs that subsequently received 10 Gy of whole
bedy irradiation in two fractions of 5 Gy each on day —1 and day 0.
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After transduction, BMC were infused intravenously (day 0) at a
dose of 0.4 to 1.3 10° viable nucleated cells/kg. Blood product trans-
fusions were administered only if recipients experienced severe
thromboeytopenia (platelets less than 20,000/mm?) or severe anemia
(hematocrit below 20). Intravenous hyperalimentation formulated
from dextrose, amino acid (FreeAmine ITI(R); generously provided by
McGaw Laboratories, Irvine, CA), lipid (NutriLipid{R); McGaw), and
multivitamin sclutions was given to those animals that remained
anorectic for more than 4 days during the aplastic period.

Detection of retrovirus-related sequences and products. At approx-
imately 5 months after BMT, recipients were screened for the pres-
ence of replication-competent helper virus in serum samples by the
marker-rescue assay (14, 15). Serial progenitor analysis was per-
formed on BMC collected by flushing and centrifugation from frag-
ments (2-3 cm) harvested from open rib biopsies. Aliquots were then
assayed for progenitor colony formation in the absence and presence
of (G418 drug selection as described. All cuitures were plated in
parallel with unmanipulated BMC to contrel for the efficiency of
selection.

RNA was prepared from peripheral bleod samples collected on
heparin and total whole blood cells (WBC) prepared by hypotonic
shack of the buffy coat. The cells were then disrupted in 4 M guani-
dine thiocyanate, and RNA and DNA were isolated after ultracen-
{rifugation on a cesium chloride gradient essentially as deseribed
(21}, with the modification that genomic DNA was physically isolated
from the CsCl interface, precipitated with EtOH, resuspended in 1
mg/ml proteinase K, incubated overnight at 37°C, and extracted with
phenol and precipitated with EtOH again. Northern blot analysis
was performed according to standard methods (22). Class I tran-
seripts were detected with a full-length **P-labeled DRB ¢DNA probe
(11). Vector-specific transcripts were identified with a prebe for the
3" untranslated (UT) porticn of the viral long-terminal repeat (LTR}
(Fig. 1), which was generated by polymerase chain reaction amplifi-
cation of vector plasmid in the presence of [32P]dCTP, [**PIdATP,
and primers 5'-CGTGCTAGCTTAAGTAACGCC-3' and 5" TACCA-
CAGATA TCCTGTTTGGCC-3'. Filters were finally washed in 0.1X
galine-sodium phosphate-EDTA (SSPE) buffer at 60°C for 30 min.

Kidney transplantation (KTx). Allogeneic KTtx was performed
according to the protocol deseribed previously (23) at 152-162 days
after BMT (Table 1). In one case (animal 10660), bilateral nephrec-
tomy was performed at the time of KTx. In all other cases, the left
ureter was ligated, leaving the nonfunctioning native kidney in place
to aliow the possibility of recipient survival by removal of the suture
in the event of early allograft rejection. Left nephrectomy was then
performed at 3045 days after transplant. Immunosuppression after
KTx was with intravenous CsA (Sandimmune IV; kindly provided by
Sandoz Pharmaceuticals Corporation, Hanover, NJ) at an initial
dose of 10 mg/kg/day, adjusted twice a week as necessary to maintain
whole blood trough levels of 800-800 ng/ml. Daily doses were given
for 12 days, with the first dose given approximately 2 hr before the
graft revascularization. KTx recipients were monitored daily for
CBC, serum creatinine levels, and blood urea nitrogen (if ereatinine
was elevaied).

Fathology. An open KTx biopsy was performed between postop-
erative day (POD} 20 and POD 30 in all animals. Biopsies were
classified according to the “Banff Schema” of the International Soci-
ety of Nephrology as applied to clinical KTx (24). All animals that
died underwent complete postmortem examinations.

Mixed Lymphocyte reaction (MLR). One-way MLR were carried
out using moncnuciear celis obtained by gradient centrifugation with
Lymphocyte Separation Medium {Organon Teknika, Durham, NC}
as described (1(). Blocking MLR assays were performed with the use
of monoclonal antibodies (mAbs) against different SLA class II gene
products. mAbs used were: 40D {mouse anti-pig SLA-DR monomor-
phic) (25), TH16 (mouse anti-pig SLA-DQ monomorphic) {26), and
36-7-5 (mouse anti-mouse H2 K*) (27), which was used as a negative
control. These antibodies were used at an optimal concentration of
B% (v/v) of ascites titrated in buffered medium. In some assays,
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normal mouse ascites replaced 36-7-5 mAb at the same concentra-
tion as the positive control. Relative responses were calculated for
each responder in reference to the allogeneic response in the pres-
ence of 36-7-5 or normal mouse ascites.

RESULTS

Effect of cytokines on transduction of porcine BMC. Be-
cause of the demonstrated usefulness of recombinant cyto-
kines for increasing the transduction rate in many other
systems (28, 29), and because of the lack of recornbinant,
swine cytokines at the time, a panel of murine and human
recombinant cytokines was screened for activity on swine
BMC (16). We focused on the use of recombinant murine KL,
which has been demonstrated previously to cross-react with
swine BMC (16} and the human IL-3/GM-CSF fusion mole-
cule PIXY321 (30). This latter molecule was investigated as
an alternative to IL-3, which has been found to greatly en.-
hance the rate of BMC transduction in several models (28,
29). The activity of PIXY321 on swine BMC was compared
with its standard activity on human BMC using titrated
amounts of PIXY321 and human GM-CSF in a progenitor
colony assay. As seen in Figure 2A, human GM-CSF (500
U/mnl) induced a similar frequency of colonies from swine
BMC as from human BMC (P=0.95}, although maximal in-
duction levels were only 70% of those observed with the LCM
control (P<0.05 for being the same as LCM). Similarly, sat-
urating doses of PTXY321 induced comparable levels of both
human and swine colony-forming cells (CFC) (P=0.85). How-
ever, in contrast to GM-CSF, PIXY321 was as effective as
LCM at inducing progenitor colony formation (P=0.85 for
human BMC and #=0.41 for swine BMC), despite the fact
that human IL-3 alone exhibits no activity in swine progen-
itor colony assays (16). This observation suggests that
PIXY321 has more activity on swine BMC than can be at-
tributed to the GM-CSF moiety alone.

The effects of the KL + PIXY321 cytokine mixture on the
rate of gene transfer into swine BMC was examined by plat-
ing transduced BMC in progenitor colony assays in the pres-
ence or absence of selecting amounts of (418 (Fig. 2B).
Transduction rates were calculated using the ratio of the
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Flaure 2. Increased transduction rate with PIXY321 and KL. &4)
Effects of PIXY321 and/or human GM-CSF on swine and human
progenitor colony formation. The efficiency of colony induction was
calculated as a percentage of the colony formation achieved with
7.5% of species-specific LCM. Each data point represents the average
of two independent experiments with samples plated in duplicate,
and error bars represent 1 SD. {B) Effects of PIXY321 or human
GM-CSF on swine BMT rate. BMC were transduced at a multiphicity
of infection of approximately 2 in the absence or presence of PIXY321
(100 U/ml) and murine KL (20 U/ml), and then collected and plated
in progenitor colony assays either with or without selecting amounts
of G418. The percentage of G418" C¥C was then calculated by divid-
ing the number of colonies that grew under selection by the number
that grew without selection, and multiplying by 100.
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number of colonies that grew in the presence of G418 to the
number of colonies that grew in the absence of selection.
Results from this set of experiments indicated that the per-
centage of G418" CFC observed in three independent exper-
iments was 2.8+1.1 times higher when the transduetion
cultures were carried out in the presence of KI. and PIXY321,

BMT and engraftment. Freshly harvested BMC were
transduced as described above with an estimated multiplicity
of infection between 1.5 and 2, and then infused back into the
donor preconditioned with whole body irradiation. As seen in
Table 1, the procedure was performed on a total of five young
animals (15+2 weeks): three with veetors for allogeneic DRB
genes in the absence of cytokines, one with a vector for a
syngeneic DRB gene in the absence of cytokines, and one
with a vector for an allogeneic DRB gene in the presence of
KL and PIXY321. They received 9:3x107 cells from the
transduction culture per kilogram of body weight, and en-
grafted within 1244 days based on our criteria of a white
blood cell count of 1006/mm?, with only minimal blood prod-
uct transfusion support. This engraftment rate is consistent
with previous results using uncultured BMC (7 7, 31), indi-
cating that the reconstituting ability of the BMC were not
significantly compromised by the time in culture or exposure
to the virus supernatant.

Presence and expression of the DRB somatic transgene in
BM and blood cells. Progenitor coleny formation was esti-
mated, under drug selection, on aliquots of BM taken before
infusion and later from serial rib biopsies (Table 2). These
data indicate that the ratio of myeloid progenitors in the
initial BMC inoculum (week 0) that were transduced and
that expressed the Neo gene ranged between 6.5% and
25.9%, with the highest gene transfer efficiency observed for
animal 107386, the recipient of BMC transduced in the pres-
ence of growth factors. The initial transduction rate observed
for this animal was 2.8 times higher than the average of
9.1x2.2 observed for the other four animals, a result that was
consistent with the pilot transduction studies with the
growth factors presented in Figure 2B. The initial levels of
(418" CFC were maintained for at least 12-22 weeks after
BMT. A substantial decline was obgerved after this peried,
with the frequencies of G418 CF( decreasing to about half of
the original values by 28 weeks in the three animals surviv-
ing at this latter time point. The fact that a similar trend was
observed in animal 10807, which received BMC transduced
with a syngeneic DRB gene (Table 2), suggested that the
decrease of G418" CFC was not due to reactivity against the
transduced DR antigens.

The presence and transcription of the allogeneic DR ¢cDNA
were also agsessed by Southern and Northern blotting anal-
ysis, respectively. Samples were collected every 1-4 weeks
for the first 3 months after BMT, at 22 weeks just before
transplantation of the renal allograft, and every few weeks
thereafter for up to 28 weeks {except for animal 10660, which
was killed shortly after renal transplantation). Presented in
Figure 3 are Northern blots, corresponding to each experi-
mental animal, which were hybridized with the virus-specific
3" UT LTR probe described in Figure 1. Specificity of probing
was demonstrated by the absence of a specific signal in the
lane of WBC from naive swine (Fig. 3, {(—)WRBC, top panel), as
well as by the distinct hybridization pattern for RNA made
by cells that produeed DRB-recombinant viruses and that
included transcripts arising from the DRB transeription cas-
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TaBLE 2. Frequency of G418" CFC from serial rib biopsies
CFC count * (418°

Animal Week after Net percent
(genetics)” BMT Experimental Control 418" CFC*
10660 0 51/218 5/203 10.5
(d — ec) 5 25/115 0/110 10.9
3 10/85 0/126 5.9
12 58/214 3/119 12.3
22 na? na
10680 ¢ 27171 0/194 7.9
{¢ — dd) 5 42/159 3/119 119
8 27/122 0/167 11.1
12 23/124 1/67 8.5
23 77278 9/181 114
10697 0 15/115 0/108 6.5
(c — dd) 5 12/73 0/81 8.2
8 na? na
12 na? na
22 20/243 2/185 3.6
28 8/192 1/186 1.8
10807 0 33/146 0/167 11.3
(c —ce) 5 277106 0/71 12.7
8 74/238 0/178 15.5
12 82/256 1/220 15.8
22 51/217 0/201 118
28 26/235 0/167 5.5
10736 0 148/272 3/1192 259
(d - ee) 5 68/155 /111 21.5
8 48/120 0/71 20.0
{eytokines)® 12 63/130 /178 242
22 87/306 2/177 13.7
28 38/141 2/145 12.8

* Genetics: vector DRB haplotype — recipient haplotype.

 Number of eolonies counted in cultures with G418/he number of
colonies counted in cultures without G418, Twice as many cells were
plated in cujtures with G418 as in eultures without G418 to increase
the assay sensitivity. Control cultures were set up in parallel with
untransduced marrow to monitor the efficiency of drug selection.

“ Net percent G418" CFC=ratio of colonies grown with versus
without G418 from the experimental sample, minus the same ratio
from the control sample, multiplied by 0.5 (to account for the fact
that twice as many cells were plated in the cultures with G418
compared with the cultures plated without G418}, and multiplied by
100.

¢ na, not available due to technical problems,
¢ Cytokines include KL and PIXY321.

sette (DRB); the full-length virus and spliced Neo transcripts
originating from the promoter in the 5 viral LTR (virus, neo);
and a large “read-through” transcript presumably originat-
ing from the double-copy DRB transcription cassette located
in the proviral 5’ LTR (9). Detectable DRB-viral signals were
observed in WBC from all the animals studied. Considering
that the amount of RNA loaded in each lane was constant, as
estimated by the levels of hybridization obtained with an
ubiquitous DRB probe (not shown), it seers that the inten-
sity of virug-DRB signal decreased with time but remained
visible in samples from animals 10807 and 10736 over a
28-week period after BMT (Fig. 3). In addition, densitometric
analysis, performed to evaluate the intensity of the trans-
ferred DRB signals, indicated that the levels of vector-de-
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Figure 3. Nerthern blot analysis of serial whole blood samples.
Eight micrograms of RNA from transduced WBC and an untrans-
duced contrel animal (~)WBC were loaded per lane. Controls in-
cluded titrating amounts of RNA from vector producer cells diluted
with RNA from {—)WBC to a final amount of 8 ug per lane. Gels were
stained with ethidium bromide to confirm equal loading (not shown),
blotted onto nylon membranes, and hybridized with the L'TR probe
{detailed in Fig. 1). Positions of transcripts are indicated in the top
panel. DC: large read-through transcript presumably originating
from the double-copy DRB transeription cassette located in the pro-
viral 5' LTR (9} Virus: genomic viral transcript; Neo: spliced Neo
transcript; DRB: vector-derived DRB transcript, The other panels
represent the region around the virus-derived DRB-specific RNA
band.

rived DRB transcripts in the animals for which cytokines
were not included in the transduction eultures were initially
about 2-4% of endogencus DRB levels for the first few weeks,
and then decreased over time to about 1% at the last time
points tested. Similar studies done on animal 10736 showed
that cytokine-treated BMC had initial levels of virus-DRB
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transcription at approximately 5-6% of the levels of endog-
enous DRB for the first § weeks before declining to approxi-
mately 2% after week 12.

To determine whether the gradual decrease in vector RNA
levels resulted from transcriptional quiescence, DNA sam-
ples from animal 10736 were analyzed by Southern blotting
with & neo probe and showed discernible proviral signals
until 28 weeks after BMT (data not shown). Densitometric
analysis suggested that the intengity of the signal dimin-
ished over time with kinetics similar to those observed for the
corresponding RNA samples. The correlation between RNA
and DNA signal intensities suggests that the decline of tran-
geript levels in WBC over time was probably not due to
transcriptional quiescence, but rather to gradual loss of
transduced cells.

Effects of allogeneic DR transfer on T-cell reactivity in
vitro. Conventional one-way MLR assays were performed to
assess the possible influence of virus-DRB expression on the
class II-dependent immune response of pig recipients after
reconstitution. Unfortunately, an analysis that was focused
on only DR-dependent MLR was not achievable due to the
fact that there are no animals with recombinant haplotypes
separating DR and DQ loci. Therefore, lymphocytes from four
of the experimental animals were tested in conventional
MLR, 12 weeks after BMT, for a response to donor and
third-party class I stimulators where the donor haplotype
differed from the recipient by both the relevant DR allele and
an irrelevant DQ allele. Although significant responses over
the background were observed, no specific decrease in MLR
to the haplotype matched to the transduced DR was observed
{not shown). Lymphocytes from three of the engineered ani-
mals (10660, 10697, and 10738) were also used as stimula-
tors of naive responder cells from the same nontransduced
SLA haplotype. None of the PBL stimulators from these
animals, tested 12 weeks after BMT, induced significant
MLR of the naive responder cells, whereas all were capable of
stimulating third-party responders (not shown).

Because the above results failed to demonstrate expression
of the transduced DR antigen by conventional MLRs, block-
ing experiments with specific anti-class IT DR and -DE mAbs
were carried out. Figure 4 shows results from a representa-
tive experiment involving responses from PBL of the exper-
imental animal 10736 (top panel) and of control animal
10807 (bottom panel) to SLAM gtimulators. The MLR of both
animals, detected in the presence of a saturating amount of
anti-DR blocking antibodies (first set of bars) was similar to
the reactivity observed with naive SLA® controls, suggesting
similar anti-DQ responses. In contrast, the presence of sat-
urating levels of anti-DQ blocking antibodies during the re-
action {second set of bars} revealed decreased {presumahbly
DR dependent} reactivity in responder cells from the DR-
engineered animal 10736 (Fig. 4A) but not in responder cells
from the control animal 10807 (Fig. 4B), both with respect to
the responses of a naive SLA® animal. Using both the an-
ti-DQ and anti-DR antibodies in this agsay confirmed the
specificity of the blocking by showing almost complete inhi-
bition of class [l-mediated stimulation of all responder cells
(third set of bars).

Survival of MHC fully mismatched renal allografis in ge-
netically manipulated animals. To test whether allogeneic
class II gene transfer into autologous BM might mimic the
effects of class IT matching for induction of specific unrespon-
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Fiaure 4. Blocking MLR analysis on lymphocytes from animals
10736 and 10807. (A) PBL from animal 10736 (SLA® with DRR®
transgene) and from a naive SLA® animal were stimulated with
SLA% PBL in the presence of the mAbs indicated (see Materials and
Methods). Responses were measured as a percent of the response ob-
served in the presence of an irrelevant ascites fluid {which in some cases
was nonspecifically stimulatory, leading to percent maximum re-
sponses less than 100%). Values are derived from results in triplicates.
(B) The same analysis was performed using PBL from animal 16807
{SLA® with the DRB® transgene).

siveness to renal allografis, four of the DRB-engineered re-
cipients were subjected to renal allotransplantation uging
the CsA regimen previously shown to induce tolerance for
class Il-matched donor-recipient pairs (4), Five months later,
the animals were challenged with renal allografts disparate
for both class I and class II of the recipient, but DR matched
to the transduced DRB (Table 1). The fifth animal (10807;
SLA®) was used as a contro! and received first autologous
BMC trangduced with DRB® recombinant retroviruses fol-
lowed by a fully mismatched KTx (SLAY. The function of
renal allografts was monitored by serum creatinine levels, as
shown in Figure 5. Creatinine profile and rejection time for
all rejector animals were comparable to those previously
observed for rejection across full MHC disparities with this
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FiGURE 5, Serum creatinine levels in recipients of transduced marrow after fully mismatched KTx.

CsA treatment regimen (23), except for animal 10660, which
rejected its transplanted kidney on day 8 while still receiving
CsA. Histologic examination of its graft revealed a dense
mononuclear cell infiltrate throughout the renal paren-
chyma, focal necrosis and hemorrhage, enlarged glomeruli,
and substantial infiltrates in the intirnal layer of renal ves-
sels consistent with acute rejection. Two other animals
(10680 and 10697) survived 22 and 40 days, respectively (Fig.
5). Allograft biopsy and autopsy findings indicated rejection
with typical cellular infiltrates, tubular atrophy, and vaseu-
lar changes. Control animal 10807 developed slow but pro-
gressive renal failure beginning shortly after transplantation
and succumbed on day 120. Examination of the renal tissue
at POD 120 revealed cellular rejection with massive infiltra-
tion (Fig. 6B). In contrast, pig 10736, the only animal whose
marrow was transduced in the presence of growth factors,
accepted its transplanted kidney long term and showed nor-
mal kidney functions and no signs of rejection, as illustrated
in Figure 6B, until death at POD 955 after BMT.

DISCUSSION

As part of our program in transplantation immunology, we
are testing the use of retrovirus vectors for the transfer of
allogeneic MHC genes into BMC of partially inbred minia-
ture swine (1, 5, 32) with the intent of inducing transplanta-
tion tolerance to subsequent primarily vascularized al-
lografts (6, 18).

In an attempt to improve transduction rates, we initially
evaluated the use of recombinant cytokines to induce cell
cycling of the hematopoietic stem cell (HSQ) targets (33).

There are reports in both murine and human systems in
which several cytokine combinations, most notably those in-
cluding IL-3 and KL, have proven useful for this purpose (28,
29). Because recombinant forms of murine and human IL-3
showed virtually no activity in swine progenitor colony as-
says (16), and because the IL-3/GM-CSF fusion molacile
PIXY321 showed enhanced hematopoietic properties on hu-
man progenitors (30), we evaluated this molecule as a possi-
ble alternative to IL-3. As seen in Figure 2, several aspects of
the activity of this fusion molecule on swine BMC were dem-
onstrated by comparing its ability fo stimulate swine and
human progenitor colony formation to the colony-stimulating
ability of human GM-CSF alone. First, it was found that, at
saturating doses, PIXY321 induced colony formation from
both human and swine BM to a greater extent than human
GM-CSF alone, indicating that this fusion molecule exhibited
more activity on swine BM than could be attributed to the
GM-CSF moiety alone. It is not clear whether this additional
activity is due to enhanced signaling through the GM-CSF
motety of the fusion molecule, increased specificity for the
swine IL-3 receptor, or some novel mechanism involving
shared receptor subunits (34, 35). Second, although both
PIXY321 and GM-CSF induced colony formation from both
human and swine BM to an equal extent when used at
saturating levels, it took approximately five times as much of
either molecule to reach saturation on swine BMC compared
with human BMC (Fig. 2}, This would indicate either that
these molecules are not fully cross-reactive in swine or that
higher cytokine levels are required for activation of swine
CFC. Nevertheless, the use of PIXY321 in combination with




Tiguge 6. Hematoxylin and cosin staining of renal allograft biop-
sies. (A) Tolerant animal 10736: kidney at day 540 after KTx show-
ing normal vessel, glomerulus, and tubules (x125). (B) Rejector
animal 10807: kidney at day 120 after KTx showing severe rejection
with vascular, glomerular, and tubular injury (X 125).

murine KL seemed to nearly triple the rate of transduction
into swine myeloid progenitors, consistent with results re-
ported for human in vitro models with human I1-3 and KL
(29).

There are several possible explanations for the high rate of
transduced cells observed in this study compared with the
results reported for other in vivo large animal models (36,37)
and clinical trials (38, 39). First, all of the animals used in
this study were relatively young, ranging from 13 to 17 weeks
of age, Previous studies have demonstrated that BMC from
miniature swine in this age range are enriched for myeloid
progenitors (16), and thus may contain better or more emn-
riched targets for transduction. Second, the transduction cul-
tures used in this study were carried out at a lower temper-
ature, 33°C, than the 37°C commonly used by others 37).
These conditions were chosen both to optimize the gurvival of
HSC and to increase the half life of the virus particles from
approximately 4 hr to approximately 24 hr (40 and S. Shul-
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man, unpublished results). Finally, the marrow cells were
maintained ex vivo for less than 48 hr to assure the survival
of a significant number of repopulating HSC (as confirmed by
the efficient rate of engraftment; Table 1), and the recipients
were conditioned with a fully myeloablative preparative reg-
imen to minimize the chances that residual, untransduced
HSC would compete with transduced cells for reconstitution
and thus decrease the fraction of transduced cells by dilution.

Once integrated, DRB recombinant proviral sequences
seemed to be expressed in vivo for the duration of the study.
The efficient transcriptional expression of the transduced
DRB ¢DNA could be attributed in part to the uge of a double-
copy vector configuration, which generates a second copy of
the DRB ¢DNA transcriptional cassette outside of the LTR
transcriptional boundaries thought to be responsible for
transcriptional quiescence in mice (47, 42), and the use of the
ubiquitously active Tk promoter. The fact that viral LTR-
driven expression was also maintained for the duration of the
study, as indicated both by the Northern analysis of WBC
and the drug selection analysis of BM progenitors, suggests
that the mechanism for LTR-based transeriptional quies-
cence observed in mouse models, methylation of CpG units
within the LTR (41, 42), may not present a significant prob-
lem in this large animal model.

Because our earlier studies indicated that tolerance could
be induced to renal allografts by a 12-day course of CsA
aniformly only when class II antigens were matched (4, 18),
we anticipated that both D@ and DR antigens might have to
be transduced into BM stem cells for this genetic engineering
approach to fully succeed. However, because no recombinants
hetween DR and DQ are available, we had never tested the
effoct of matching only for one or the other of these class 11
antigens, and it therefore remained possible that matching
for only one of the two loci might suffice. We decided to test
the effect of DR gene transfer on tolerance induction in the
renal transplantation model. The first three animals tested
by renal allografts all rejected. In animal 10660, rejection
occurred by day 8 after KTx, guggesting that expression of
the transferred allogeneic gene products may have led to
sensitization, rather than to tolerance. However, no antido-
nor type antibodies were detected in the serum of this animal
by days 6 and 8. Alternatively, early rejection in this animal
may have been due to unusually low serum levels of CsA
during the 12-day treatment period of 34737 ng/mi, com-
pared with the established range of 400800 ng/ml, previ-
ously demonstrated to be required for tolerance induction in
this model (4} Two other DRB-engineered pigs {animals
10680 and 10697) rejected their renal allografts in a time
frame consistent with that expected for full MHC plus minor
mismatched transplants treated with a high-dose of CsA for
12 days (reviewed in 3), suggesting that the gene transfers
performed 5 months earlier had achieved no lasting effects on
the immune system.

Animal 10736, on the other hand, responded to the fully
mismatched renal {ransplant as though it were matched for
class IT, becoming tolerant after the 12-day course of CsA. In
fact, this animal has not shown any signs of rejection during
more than 2.5 years of follow-up. In assessing differences
between animal 10736 and the other two genetically engi-
neered animals (10680 and 10697) that might account for
this qualitative difference in results, we consider the fact
that the transduction of BMC of animal 10736 was carried
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out in the presence of growth factors (PIXY-321 and the
murine stem cell factor) as the most likely explanation. The
percentage of (G418-resistant colony-forming units observed
after transduction was clearly higher in this animal than in
the others that rejected their grafts (Table 2). We hypothe-
size that these higher transduction rates led to increased
levels of DR gene expression, passing the threshold required
for tolerance induction.

Another implication of these results is that matching for a
single class II gene may be sufficient for induction of toler-
ance in our CsA treatment protocol. Thus, the mechanism by
which telerance is induced may require, in the donor organ,
the presence of a class II antigen shared with the recipient
rather than the absence of any nonshared antigens. If the
mechanism of spontaneous tolerance induction to vaseular-
ized allografts is similar in this respect, such a hypothesis
may also explain the discrepancy between the data of Calne
et al. (4¢3) and our own on the requirement for class IT match-
ing. In our studies, spontaneous tolerance to renal allografts
developed only when transplants were performed between
class Il matched animals (44), whereas Calne et al. (43)
observed tolerance to liver allografts between some cutbred
swine that were mutually stimulatory in MLR, suggesting
class IT mismatch. If only some class IT need to be matched for
tolerance induetion, then the data of Calne et al. (43) could be
explained by the sharing of one class 11 gene allele but mis-
matching for another, which could lead to a positive MLR.

In summary, we consider these results very encouraging
for the eventual use of genetic engineering as an approach to
transplantation tolerance. By confirming the in vivo efficacy
of these vectors and transduction schemes, these studies also
serve as a basis for future testing of alternative vectors and
transduction schemes in this genetically defined, preclinical
large animal model. In this first study, we chose to use
retrovirus-mediated transfer of allogeneic MHC class IT DR
cDNA both because: 1) clinical studies have indicated that
DR matching in humans correlates with long-term survival
of transplanted vascularized organs (45, 46); and 2) expres-
sion of an allogeneic DR antigen in class IT committed cells
should require transfer of only the 8 chain gene, because the
o chain sequence of the heterodimer is invariant in swine
(47) as it is in man (reviewed in 48}. Additional studies on the
transfer of DQ allelic genes have required the construction of
a multigenic virus, because both the DQA and DQB se-
quences are polymorphic (49, 50), and these studies are in
progress. In addition, to render the approach more clinically
acceptable, we are currently exploring the use of milder con-
ditioning regimens.

Acknowledgments. The authors are indebted to Drs. Frank Ierino,
Joren Madsen, Maggie Rosa, John lacomini, and Hideki Hayashi for
critical reading of the manuseript and many helpful suggestions.
They also thank Dr. David M. Bodine for helpful discussions and
Douglas E. Williams at Immunex Corp, for providing PIXY321 and
muKL. The expert secretarial assistance of Lisa Almeida is also
acknowledged.

REFERENCES

1. Sachs DH, Leight G, Cone J, Schwartz S, Stuart L, Rosenberg S.
Transplantation in the miniature swine. I. Fixation of the
major histocompatibility complex, Transplantation 1976; 22:
559,

TRANSPLANTATION

Vol. 64, No. i0}

2. Pescovitz MD, Sachs DH, Lunney JK, Hsu SM. Localization of
class II MHC antigens on porcine renal vascular endothelium.
Transplantation 1984; 37; 627,

3. Gianello P, Fishbein JM, Sachs DH. Tolerance to primary vas-
cularized allografts in miniature swine. Immunol Rev 1993;
133: 19. :

4. Rosengard BR, Ojikutu CA, Guzetta PC, et al. Tnduction of
specific tolerance to class [-disparate renal allografts in min-
iature swine with cyclosporine. Transplantation 1992; 54: 400,

5. Emery DW, Shafer GE, Karson EM, Sachs DH, LeGuern C.
Retrovirus-mediated transfer and expression of an allogeneic
major histocompatibility complex class H DRB cDNA in swine
bone marrow cultures. Blood 1993; 81: 2460.

6. Sundt TM III, Sachs DH. Applications of molecular hiology to
transplantation tolerance. Immunol Today 1988; 9: 342,

7. Sachs DH, Smith CV, Emery DW, et al. Induction of specific
tolerance to MHC-disparate allografts through genetic engi-
neering. Exp Nephrol 1993; 1: 128.

8. LeGuern C, Shimada H, Emery DW, Qermana S, Sachs DH,
Molecular transplantation of MHC genes as a means for in-
ducing transplantation tolerance in miniature swine. Bull Inst
Pasteur 1993; 91: 125.

9. Shafer GE, Emery DW, Gustafsson K, et al. Expression of a
swine class I gene in murine bone marrow hematopoietic cells
by retroviral-mediated gene transfer. Proc Natl Acad Sci USA
1991; 88: 9760.

10. Leight GS, Sachs DH, Rosenberg SA. Transplantation in minia-
ture swine. II In vitro parameters of histocompatibility in
MSLA homozygous minipigs. Transplantation 1977; 23: 271.

11. Gustafsson K, Germana S, Hirsch F, Pratt K, LeGuern C, Sachs
DH. Structure of miniature swine class II DRB genes: conser-
vation of hypervariable amino acid residues between distantly
related mammalian species. Proc Natl Acad Sci USA 1990; 87:
9798.

12. Miller AD, Buttimore C. Redesign of retrovirus packaging cell
lines to avoid recombination leading to helper virus produc-
tion. Mol Cell Biol 1986; 6: 2895.

13. Markovitz D, Goff 8, Bank A. Construction and use of a safe and
efficient amphotropic packaging cell line. Virology 1988; 167:
400.

14. Danos O, Mulligan RC. Safe and efficient generation of recom-
binant retroviruses with amphotropic and ecotropic host
ranges. Proc Natl Acad Sci USA 1988; 85: 6460.

15. Miller AD, Rosman GJ. Improved retroviral vectors for gene
transfer and expression. BioTechniques 1989; 7: 980,

16. Emery DW, Sachs DI, LeGuern C. Culture and characterization
of hematopoietic progenitor cells from miniature swine. Exp
Hematol 1996; 24: 927,

17, Pennington LR, Sakamoto K, Popitz-bergez FA, et al. Bone mar-
row transplantation in miniature swine. I. Development of the
model. Transplantation 1988; 45: 21.

18. Smith CV, Nakajima K, Mixon A, et al. Successful induction of
long-term specific tolerance to fully allogeneic renal allografts
in miniature swine. Transplantation 1992; 53: 438.

19, Suzuki T, Sundt TMI, Kortz EO, et al. Bone marrow transpian-
tation across an MHC barrier in miniature swine. Transplant
Proc 1989; 21: 3076.

20. Popitz-Bergez FA, Sakamoto K, Pennington LR, et al. Bone
marrow transplantation in miniature swine. I. Effect of selec-
tive genetic differences on marrow engraftment and recipient
survival. Transplantation 1988; 45: 27.

21, Chirgwin JJ, Przbyla AE, MacDonald RJ, Rutter W.J. Isolation of
biologically active ribonucleic acid from sources enriched in
ribonuclease. Biochemistry 1979; 18; 5294,

22. Sambrook J, Frisch EF, Maniatis T, eds. Molecular cloning: a
laboratory manual. Cold Spring Harbor, NY: Cold Spring Har-
bor Laboratory, 1989.

23. Pescovitz MD, Auchincloss HJ, Thistlethwaite JRJ, Sachs DH.




November 27, 1997

24.

25,

26.

21,

28.

29,

30.

31.

32.

33.

34,

35.

36.

37.

Transplantation in miniature swine: acceptance of class I an-
tigen mismatched renal allograft. Transplant Proc 1983; 15:
1124,

Solez K, Axelsen RA, Benediktsson H, et al. International stan-
dardization of criteria for the histologic diagnosis of renal
allograft rejection: the Banff working classification of kidney
transplant pathology. Kidney Int 1993; 44: 411,

Pierres M, Kourilsky FM, Rebouah J-P, Dosseto M, Caillol D.
Distinet epitopes of Ik gene products identified by monoclonal
antibodies. Eur J Immunol 1980; 10: 950.

Davis WC, Perryman LE, McGuire TC. The identification and
analysis of major functional populations of differentiated cells.
In: Stern RJ, Gamble HR, eds. Hybridoma technology in agri-
cultural and veterinary research. Totowa, NJ: Rowman and
Allanheld, 1984: 121.

Sachs DH, Mayer N, Ozato K. Monoclonal antibodies directed
toward murine H-2 and Ia antigens. In: Hammerling GJ, Ham-
merling U, Kearney JF, eds. Monoclonal antibodies and T cells
hybridemas. Amsterdam: Elsevier/North Holland Biochemical
Press, 1981: 95.

Bodine DM, Karlsson S, Nienhuis AW. Combination of interleu-
kins 3 and 6 preserves stem cell function in culture and en-
hances retrovirus-mediated gene transfer into hematopoietic
stem cells. Proc Natl Acad Sci USA 1989; 86: 8897,

Nolta JA, Kohn DB. Comparison of the effects of growth factors
on retroviral vector-mediated gene transfer and the prolifera-
tive status of human hematopoietic progenitor cells. Hum
Gene Ther 1990; 1: 257.

Curtis BM, Williams DE, Broxmeyer HE, et al. Enhanced hema-
topoietic activity of a human granulocyte/macrophage colony-
stimulating factor-interleukin 3 fusion protein. Proc Natl Acad
Sci USA 1991; 88: 5809.

Smith CV, Suzuki T, Guzetta PC, ¢t al. Bone marrow transplan-
tation in miniature swine. IV. Development of myeloablative
regimens that allow engraftment across major histocompati-
bility barriers. Transplantation 1893; 56: 541.

Emery DW, Sablinski T, Arn JS, LeGuern C, Sachs DH. Bone
marrow culture and transduction of stem cells in a miniature
swine model. Blood Cells 1993; 20: 498.

Miller DG, Adam MA, Miller AD. Gene transfer hy retrovirus
vectors occurs only in cells that are actively replicating at the
time of infection. Mol Cell Biol 1990; 10: 4239.

Hayashida K, Kitamura T, Gorman DM, Arai K, Yokota T,
Miyajima A. Molecular cloning of a second subunit of the
receptor for human granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF): reconstitution of a high-affinity GM-CSF
receptor. Proc Natl Acad Sci USA 1990; 87: 9655.

Lopez AF, Elliott MJ, Woodcock J, Vadas MA. GM-CSF, IL-3 and
I1.-5: cross-competition on human haemopoietic cells, Immunol
Today 1992; 13: 495.

Bodine DM, McBDonagh KT, Brandt SJ, et al. Development of a
high-titer retrovirus producer cell line capable of gene transfer
into rhesus monkey hematopoietic stem cells. Proe Natl Acad
Sci USA 1990; 87: 3738.

Schuening FG, Kawahara K, Miller AD, et al. Retrovirus-medi-
ated gene transduction into long-term repopulating marrow

EMERY ET AL.

38.

39.

40,

41,

42,

43.

44,

45.

486.

47.

48.

49.

o,

51.

52,

1423

cells of dogs. Blood 1991; 78: 2568,

Brenner MK, Rill DR, Moen RC, et al. Gene-marking to trace
origin of relapse after autologous bone-marrow transplanta-
tion. Lancet 1993; 341: 85.

Deisseroth AB, Zu Z, Claxton D, et al. Genetic marking shows
that Ph™ cells present in autologous transplants of chronic
myelogenous leukemia (CML) contribute to relapse after au-
tologous bone marrew in CML. Blood 1994; 83: 3068.

Kotani H, Newton PBR, Zhang 8, et al. Improved methods of
retroviral vector transduction and preduction for gene therapy.
Hum Gene Ther 1994, 5: 19.

Challita P-M, Kohn DB. Lack of expression from retroviral vec-
tor after transduction of murine hematopoietic stem celis is
associated with methylation in vivo. Proc Natl Acad Sci USA
1994; 91: 2567.

.Challita PM, Skelton D, el-Khoueiry A, Yu XJ, Weinberg K,

Kohn DB. Multiple modifications in cis elements of the long
terminal repeat of retroviral vectors lead to increased expres-
sion and decreased DNA methylation in embryonie carcinoma
cells. J Virol 1995; 69: 748,

Calne RY, Sells RA, Pena JR, et al. Induetion of immunclogical
tolerance by porcine liver allografts. Nature 1969; 223: 472.
Pescovitz MD, Thislethwaite JJR, Auchincloss HJ, et al. Effect of
class II antigen matching on renal allograft survival in minia-

ture swine. J Exp Med 1984; 160: 1495.

Baxter-Lowe LA, Eckels DD, Ash R, Casper JB, Hunter JB,
Gorski J. The predictive value of HLA-DR oligotyping for MLC
responses. Transplantation 1992; 53: 1352.

Ichikawa Y, Hashimoto M, Nagjima M, et al. The significant effect
of HLA-DRB1 matching on long-term kidney graft outcome.
Transplantation 1993; 56: 1368.

Hirsch ¥, Germana S, Gustafsson K, Pratt K, Sachs DH, Le-
Guern C. Structure and expression of class II a genes in min-
iature swine. J Immunol 1992; 149: 841.

Figueroa F, Klein J. The evolution of MHC class II genes. Im-
munol Today 1986; 7: 78,

Gustafsson K, LeGuern C, Hirsch F, Germana S, Pratt K, Sachs
D. Class II genes of the miniature swine. IV. Characterization
and expression of two allelic class II DQB ¢DNA clones, J Im-
munct 1990; 145: 1946.

Hirsch F, Sachs DH, Gustafsson K, Pratt K, Germana 3, Le-
Guern C, Class IT of the miniature swine. II1. Characterization
of an expressed pig class II gene homologous to HLA-DQA.
Immunogenetics 1990; 31: b2.

Enguist LW, Van de Woude GF, Wagner M, Smiley JR, Sum-
mers WC. Construction and characterization of a recombinant
plasmid enceding the gene for the thymidine kinase of Herpes
gimplex type 1 virus. Gene 1979; 7: 335.

Hantzopoulos PA, Sullenger BA, Ungers G, Gilboa E. Improved
gene expression upen transfer of the adenosine deaminase
minigene outside the transcriptional unit of the retroviral vec-
tor. Proc Natl Acad Sci USA 1989; 86: 3519.

Received 24 October 1996.
Accepted 9 September 1997.




