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K,(~PP) 
Haaregate - C F==== H4G 

The following assumptions were made: (i) the 
amount of tetramer (unfilled or filled wi th solvent) 
present before addition of the guest is negligible; (ii) 
after addition of the guest, all of the host material 
not assembled into the capsule (including solid ma- 
terial) is in the aggregate state; and (iii) the associ- 
ation of the guest wi th itself is negligible. 

W 4 G l  - x v  

K"app' = [H ,,,,,, ,,][GI (h - x i ( g  - x) 

AGO = -RT In K,(app) 

x = 9( lg l lg t )  

/gt = l g o + l g ,  

In these equations, H is the host as a 
low-ordered aggregate, C is the guest, H4C is the 
tetramer complex, x is the amount of guest (in 
millimoles) in the complex H4G, V is the to ta l  
volume (in milliliters), h is the init ial theoretical 
amount of tetramer (in millimoles), g is the 
amount of guest (in millimoles) added t o  the so- 
lution, l G 0  is the free energy of formation, R is the 
ideal gas constant, T is temperature (kelvin), I,, is 
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Inhibition of Xenoreactive 
Natural Antibodv Production bv 

Retroviral Gene Therapy 
Jennifer 1. Bracy, David H. Sachs, John lacomini* 

The major barrier t o  transplantation across discordant species, such as from pig 
t o  human, is reiection mediated bv xenoreactive natural antibodies fXNAl that . , 
bind the carbohydrate epitope G ~ ~ ~ I - ~ G ~ ~ ~ I - ~ c ~ c N A c - R  (aGal) on donor tis- 
sues. This epitope is synthesized by the enzyme glucosyltransferase uridine 5'- 
diphosphate gala~t0Se:P-~-gala~t0~yl-1,4-N-a~etyl-~-gl~~0Saminide a(1-3)galac- 
tosyltransferase (E.C. 2.4.1.151), or simply aGT. When a functional aGT gene 
was introduced by retroviral gene transfer into bone marrow cells, aCal XNA 
production in a murine model ceased. Thus, genetic engineering of bone marrow 
may overcome humoral rejection of discordant xenografts and may be useful 
for inducing B cell tolerance. 

A shortage of human organs has stimulated a 
great deal. of research into the possibility of 
using nonhuman donors for transplantation. 
Pigs are the inost likely species to seilie as 
donors for clinical xenotrailsplantation be- 
cause of their similarity to humans (1, 2). 
However, humoral rejection mediated by 
aGal XNA relnains a inajor barrier to suc- 
cessful xenotransplantatlon (3, 4) Although 
several approaches have been developed to 
preTent hyperacute rejectloll mediated by 
aGal XNA, delayed rejection caused by these 
antibod~es remalns a formidable challenge 
(5-8) For xenotransplantatlon to be success- 
ful, methods must be de~eloped to overconle 
organ da~nage medlated by aGal XIiA 

Induction of 11nxed chimerism bv bone 
marrow transplantation can be used to toler- 
ize B cells producing aGal XNA (9), but this 
is not a practical solution (10). We hypothe- 
sized that production of aGal XNA may be 
inhibited by introducing a functional aGT 
gene by retroviral gene transfer into autolo- 
gous bone marrow. cells aGal epitopes 
would then be expressed on the surface of 
bone marrow-derived cells or on secreted 
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proteins that could potentially tolerize B cells 
making aGal XNA. Thus, establishing mo- 
lecular rather than cellular chimeris~n could 
circumvent difficulties associated with en- 
graftlnent of pig bone Inarrow in primates for 
the purpose of inducing tolerance. 

To construct a retroviral ~ e c t o r  (11) carry- 
ing the gene encoding porcine aGT, we isolated 
from the plasmid pSal3GT1 an 1145-base pair 
(bp) Eco RI-Cac 81 DiiA fragment containing 
the coding region of pig aGT (12) and cloned it 
together with the inurine phosphoglycerate h- 
nase promoter into the ii2A retroviral ~ e c t o r  
(13) to construct LGTRV (Fig. 1A). The 
LGTRV construct was transfected into the am- 
photropic retro~iral packaging cell line AM12 
(14) to de r i~e  the virus producer cell line 
LGTA7. The viral titer of supernatants harvest- 
ed from the LGTA7 line was approxiinately 
5 X lo4 to 1 X 10' colony-fom~ing units per 
milliliter. To test whether LGTA7-derived ~ i r u s  
could transfer hnctional aGT expression, we 
transduced Vero cells with LGTA7 or a control 
virus containing only the neoinycin resistance 
(neo') gene, and surface expression of aGal 
epitopes was analyzed by staining with the 
isolectin BSI-B, (IB4 lectin) isolated fro111 Ban- 
deil-crea si~npliclfolia, which specifically binds 
aGal (15). G418-resistant Vero cell clones in- 
fected with LGTA7 expressed aGal epitopes 
on the cell surface at levels detectable by stain- 
ing with IB4 lectin (Fig. 1B). Surface expres- 
sion of aGal epitopes was stable and could be 
detected on the surface of transduced cells for at 
least 4 months in culture. In contrast, no surface 
expression of aGal epitopes was detected on 
Vero cells transduced with control virus. Treat- 
ment of LGTA7-transd~~ced Vero cell clones 
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with a-galactosidase specifically reduced aGal 
expression detectable by staining with IB4 lec- 
tin (Fig. lB), but not major histocompatibility 
complex class I expression on the same cells, as 
detected by staining with the monoclonal anti- 
body W6132 (16). Thus, LGTA7-derived retro- 
viruses transferred stable expression of porcine 
aGT, which catalyzed the addition of aGal 
epitopes to existing carbohydrate side chains. 

To examine whether genetic engineering of 
bone marrow could be used to inhibit produc- 
tion of aGal XNA, we made use of aGT 
knockout mice (1 7) generated by gene target- 
ing in embryonic stem cells (18, 19). Mice 
homozygous for a targeted disruption in the 
aGT gene (GT" mice) do not express the aGal 
epitope and produce aGal-reactive serum anti- 
bodies (18, 20). GT" mice were treated in vivo 
with 5-fluomuracil (150 mglkg of body 
weight). At 7 days, bone marrow cells were 
harvested and transduced with LGTA7 or 
GN24 (neor-only) control virus (21). Trans- 
duced bone marrow cells were then recovered, 
and lo6 LGTA7- or GN24-transduced bone 
marrow cells were used to reconstitute lethally 
irradiated (10.25 Gy) syngeneic GTO mice. To 
examine transduction efficiency, we reconsti- 
tuted additional groups of GT" mice with lirn- 
iting numbers of transduced bone marrow cells, 
and 12 days after reconstitution, individual 
spleen colonies were examined for integrated 
viral DNA by semi-nested polymerase chain 
reaction (PCR) using primers specific for the 
LGTA7 virus (22). Approximately 78% (719) 
of splenic colonies harvested from mice recon- 
stituted with LGTA7-transduced bone marrow 
cells contained LGTA7 DNA, indicating that 

I 
LTR reo LTR 

Fig. 1. (A) The LCTRV retroviral construct. Draw- 
ing not to  scale. (B) Analysis of aCal expression 
on transduced Vero cell clones by staining with 
FITC-labeled IB4 lectin. Shown is staining of 
C418-resistant selected Vero cell clones. Staining 
of Vero cell clones transduced with neor control 
virus (NB5) is shown in white. Staining of Vero 
cell clones transduced with LCTA7 is shown in 
black. Shown in gray is staining of LCTA7-trans- 
duced cells following treatment with a-galacto- 
sidase. Enzymatic removal of aGal epitopes was 
not complete because the reactions were per- 
formed at suboptimal pH to  preserve cell viability. 

bone marrow-derived cells were carrying the 
transduced pig aGT gene (Fig. 2A). 

At 7 weeks after reconstitution, mice were 
bled weekly and sera were analyzed for the 
presence of aGal XNA by binding to enzyme- 
linked immunosorbent assay (ELISA) plates 
coated with aGal oligosaccharides conjugated 
to bovine serum albumin (BSA) (9). Seven 
weeks after transplantation, aGal XNAs were 
detected in the sera of control mice reconstitut- 
ed with neoT-transduced bone marrow, but not 
in the sera of mice reconstituted with LGTA7- 
transduced bone marrow (Fig. 2B) (23). At 
week 15 after transplantation, the level of aGal 
XNA in mice reconstituted with neor-trans- 
duced bone marrow reached stable levels sim- 
ilar to that observed in control G'P mice, while 
the level of aGal XNA in mice reconstituted 
with LGTA7-transduced bone marrow re- 
mained undetectable (Fig. 2C). The failure of 
mice receiving LGTA7-transduced bone mar- 
row to produce aGal-reactive antibodies was 
not due to a failure of B cell reconstitution, 
because by 4 weeks after bone marrow trans- 
plantation, the number of peripheral blood B 
cells was identical in both groups, on the basis 
of cell surface staining with monoclonal anti- 
body to CD19 and flow cytometry (24). 

We fiuther examined the effect of gene 
therapy on aGal XNA production, at between 9 
and 10 weeks after bone marrow transplanta- 
tion, by analyzing, by flow cytometry, serum 

Fig. 2. (A) Analysis of day 12 
splenic colonies for the presence 
of LCTA7-derived aCT or the en- A 

antibodies from untreated GT" and GT+'+ con- 
trols, as well as GT" mice reconstituted with 
LGTA7- or neor-transduced syngeneic bone 
marrow, for their ability to bind to pig blood 
cells (25). Control GT", but not GT+'+ mice 
contained in their sera antibodies that bind pig 
cells (Fig. 2D). Essentially, all detectable pig 
cell-binding antibodies in the serum of GT" 
mice were aGal-reactive. The binding of serum 
antibodies from GT" mice reconstituted with 
neoT-transduced bone marrow to pig cells was 
indistinguishable from that observed with con- 
trol untreated GT" mice (Fig. 2D). In contrast, 
we were unable to detect binding of se- 
rum antibodies from mice reconstituted with 
LGTA7-transduced bone marrow to pig cells 
(Fig. 2D). 

We examined whether aGal-reactive anti- 
bodies, below the detection limit of our ELISA 
or pig cell binding assays, were present in mice 
reconstituted with LGTA7-transduced bone 
marrow by use of a fluorescence-based com- 
plement-mediated cytotoxicity assay (26). Sera 
from control GT" (Fig. 3A) and GTO mice 
reconstituted with neor-transduced bone mar- 
row (Fig. 3B) contained antibodies that medi- 
ated killing of the porcine kidney cell line PK- 
15 in the presence of complement, whereas no 
significant killing of PK-15 cells was detected 
with sera from control GT+" or GT" mice 
reconstituted with LGTA7-transduced bone 
marrow (Fig. 3, C and D, respectively). After 

donenous B-actin gene bv PCR. 1 2  3 4 5 6 7 ~ 9 1 0 1 1 1 2 1 3 +  
~ a i e s  1 through 9,;ampl& from 
two individual mice reconstitut- 
ed with LCTA7-transduced bone 
marrow. Lanes 10 through 13, 
samples from two individual 
mice reconstituted with CN24 
(neor)-transduced bone marrow. 
DNA from a LCTA7-transduced 
Vero cell clone was used as a ' 1 
positive control (+). Results ob- o 8 

tained using primers specific for 
LGTA7-encoded aCT (upper pan- 

o 

el) and p-actin (lower panel) are 0 0 4  

shown. Inhibition of aCal XNA 
production in mice reconstituted 
with LCTA7-transduced bone o 

40 160 640 2560 10240 40 160 640 2560 10240 marrow (B through D). Analysis 
of aCal-reactive IgM antibodies 11 serum Dih~lion 
at (B) 7 and (C) 15 weeks after 
reconstitution. Solid diamonds D , GTSh 
(top trace), sera from mice re- 
constituted with neor-transduced 
bone marrow (n = 12); open 
squares (bottom trace), sera 
from mice reconstituted with 
LCTA7-transduced bone marrow 
(n = 11). Shown are the mean 
and standard deviation of com- AM- PI^ 
bined results from two indepen- 
dent experiments. OD 492, optical density at 492-nm wavelength. (D) Staining of pig blood cells 
with sera from control GP or CT+'+ mice, and mice reconstituted with neor- or LGTA7-transduced 
bone marrow. Serum samples from reconstituted mice were analyzed at week 9 following 
reconstitution. Shown are samples taken from individual representative mice. 
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incubation of PK-15 cells with sera from con- 
trol GTO mice, 70.00 ? 22.63% of the cells 
were killed, whereas only 3.36 + 1.29% were 
killed after incubation with sera from GT+'+ 
mice. Sera from mice reconstituted with neor- 
transduced bone marrow killed 77.92 ? 
19.28% of PK-15 cells. In contrast, sera from 
mice reconstituted with LGTA7-transduced 
bonernarrowkilled2.58 + 1.31YiofthePK-15 
cells. The difference in percent killing observed 
using sera from mice reconstituted with neor- or 
LGTA7-transduced bone marrow was signifi- 
cant (P < 0.0001). Thus, aGal XNA produc- 
tion is inhibited in GT" mice reconstituted with 
LGTA7-transduced bone marrow. 

To date, approaches to overcome antibody- 
mediated xenograft rejection have included 
modifying the host by either depleting or neu- 
tralizing preexisting serum aGal XNA (7) or 
by transgenic modification of donor pigs (27), 
but neither approach allows permanent graft 
survival (28). Thus, although host conditioning 
regimens and organs from transgenic pigs will 
likely play a role in clinical xenotransplanta- 
tion, production of aGal XNA by the host must 
be overcome to achieve discordant xenotrans- 
plantation. We have focused on developing a 
genetic engineering approach to prevent pro- 
duction of host aGal XNA. XNAs to aGal 
were undetected in mice reconstituted with 
LGTA7-transduced bone marrow. The level of 
aGal-reactive XNA remained undetectable in 
mice up to 5 1 weeks after transplantation (29). 
Antibodies reactive with aGal are believed to 
be produced in response to normal bacterial 
flora present in the host (30). Thus, even with 
constant antigenic stimulation, the effect of 
gene therapy on aGal XNA is maintained. The 

Fig. 3. Analysis of cytolytic aGal XNA produc- 
tion in gene therapy mice. Shown are results 
obtained using complement-mediated fluores- 
cence-based cytotoxicity. Live cells fluoresce 
green while nuclei from dead cells fluoresce 
red. Killing of PK-15 cells using sera from (A) 
control GP mice, (B) GT" mice reconstituted 
with neor-transduced bone marrow, (C) control 
GT+'+ mice, and (D) CT" mice reconstituted 
with LCTA7-transduced bone marrow. Represen- 
tative results are shown ( 2 0 0 ~  magnification). 

use of genetically modified autologous such as mice, are tolerant to aGal and do not produce 
antibodies that are reactive with this epitope. bone molecular chi- 

20. A. Thall, H. Murphy. J. B. Lowe. Transplant. Pmc. 28, 
merism eliminates the potential for graft- 561 119961. - - , - - - 3  

versus-host disease that is associated with 21. J. Bagley, K. Aboody-Guterman, X. Breakefield. J. la- 

transplantation tolerance established by in- 
duction of cellular chimerism, and may per- 
mit the use of less toxic host-conditioning 
regimens. Similar approaches may also be 
applicable to induction of tolerance in other 
disorders, including autoimmune diseases. 
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