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that had received intrathymic glomeruli from Brown-
Norway rats subsequently used as donor kidneys.
However, in Lewis rats injected intrathymically with
glomeruli from Sprague-Dawley rats and then trans-
planted with a kidney from Brown-Norway donor,
‘urine output declined progressively from days 6 to
10, with complete anuria 9 to 14 days after trans-
plantation. Rats injected with medium alone had se-
vere renal failure, as documented by high serum
creatinine concentration as compared with baseline
values. By contrast, in rats injected intrathymically
with Brown-Norway glomeruli, serum creatinine
level was maintained in the normal range over the
entire observation period. On days 9 to 14 after trans-
plantation, serum creatinine concentration in rats
that received intrathymic glomeruli from Sprague-
Dawley animals was significantly (P < 0.01) higher
than baseline values. Both animals with intrathymic
medium or Sprague-Dawley glomeruli died within 24
to 48 h of the onset of anuria.

All of the above-mentioned experiments have been
performed by pretreating animals with CsA and dex-
amethasone, as described in the Methods. Addi-
tionally, experiments have been performed substi-
tuting CsA and steroids with ALS. The results
showed that intrathymic injection of isolated glomer-
uli from Brown-Norway rats to Lewis rats pretreated
with ALS allowed renal allograft from the same
Brown-Norway donor to survive indefinitely without
further immunosuppression. By contrast, in the con-
trol group of rats given intrathymically the medium
alone and pretreated with ALS, grafts failed within 8
to 11 days after transplantation. After early urine
formation, diuresis then maintained for at least the
next 150 days in rats that had received intrathymi-
cally glomeruli (pretransplant, 13.6 + 4.7; day 6 post-
transplant, 14.3 + 6.4; day 150 posttransplant, 18.7
+ 5.4 mL/24 h), whereas diuresis started to fall at
days 6 to 9 in controls, with complete anuria 8 to 13
days after transplantation. In rats injected intra-
thymically with isolated glomeruli, renal function
was well preserved during the entire observation
period (basal, 0.61 £ 0.07; day 150, 0.71 + 0.08 mg/
dL). By contrast, by days 8 to 11 after renal trans-
plantation, all animals given intrathymically the me-
dium alone had severe renal failure with serum cre-
atinine concentrations ranging from 2.39 to 2.88 mg/
dL. All control rats died within 24 to 48 h of the onset
of anuria.

Effect of Intraperitoneal Injection of Antigen to
the Development of Unresponsiveness to
Renal Allograft

For all Lewis rats who were given glomeruli i.p.
from Brown-Norway animals and who were trans-
planted 10 days later, the renal graft from the same
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donor was rejected within 13 days. Similarly, the
three control Lewis rats injected i.p. with medium
alone had subsequent renal graft failure within 13
days. Ten days before transplantation, all of these
animals were treated with CsA and dexamethasone
as reported in Methods. In both groups of trans-
planted rats, urine formation occurred immediately
after transplantation. In animals given glomeruli i.p.,
diuresis started to fall at days 7 to 10 with complete
anuria 9 to 13 days after transplantation, whereas
in control rats, anuria developed 8 to 13 days after
kidney graft. Rats injected with glomeruli or medium
alone had comparable baseline renal function (serum
creatinine; 0.60 + 0.07 and 0.62 + 0.05 mg/dL, re-
spectively). By days 8 to 13, all of these animals had
severe renal failure, as documented by serum creat-
inine concentrations ranging from 2.48 to 2.87 and
from 2.54 to 2.93 mg/dL in rats given glomeruli i.p.
or medium alone, respectively. The animals died
within 24 to 48 h from the onset of anuria.

The Induction of Unresponsiveness to Renal
Allograft Is Not Tissue Specific

Table 3 shows renal allograft survival in animals
intrathymically given freshly isolated blood cells
from Brown-Norway rats as compared with control
animals injected with medium alone. Renal grafts
survived to beyond the end of the 100-day study
period in all animals injected with blood cells,
whereas grafts failed in 8 to 11 days in all controls.
Both groups of transplanted rats showed an imme-
diate recovery of renal function, as indicated by early
urine formation. Diuresis was maintained for at least
the next 100 days in rats that had received intra-

TABLE 3. Renal allograft survival in Lewis rats
previously injected intrathymically with medium
alone or with blood cells from BN rats®

Individual Graft Survival

Rat No. (days)
Medium BN Blood Cells

1 8 >100
2 10 >100
3 10 >100
4 9 >4100
5 1 >100
6 8 >400
7 >100
8 >100
9 >100
Median 9.5 >100°

° BN, Brown-Norway rats.
® P < 0.01 versus medium.

1067



Immune Tolerance to Rat ReNQI AllO g "

Urine output (m¥24 h)
3

30r
25¢
20
151
10
051

Serum creatinine (mg/df)

20 40 100
Time (days)

0 8-11

Figure 1. Time course of urine output (A) and serum creati-
nine (B) in Lewis recipients of Brown-Norway renal grafts,
previously injected intrathymically with isolated blood cells
from Brown-Norway rat donors or with medium alone. Values
are mean + SD. °P < 0.01 versus days 0 and 5.

thymic blood cells, whereas urine output progres-
sively declined from day 6 in controls, with complete
anuria 8 to 11 days after transplantation (Figure 1A).
In rats injected intrathymically with white cells and
platelets, renal function was maintained in the nor-
mal range over the entire observation period. Indeed,
serum creatinine concentrations measured at days
40 and 100 were 0.64 + 0.03 and 0.67 + 0.05 mg/
dL, respectively, values not significantly different as
compared with that before transplantation (0.58 +
0.06 mg/dL) (Figure 1). However, by day 8 after renal
transplantation, all animals intrathymically given
the medium alone had severe renal failure as docu-
mented by serum creatinine concentrations ranging
from 2.24 to 3.00 mg/dL. All rats with intrathymic
blood cells were in good health at the end of the 100-
day observation period. By contrast, all control rats
died within 24 to 48 h of the onset of anuria.

Effect of Shortening the Time Interval Between
Thymic Injection and Transplatation

Table 4 shows renal allograft survival in Lewis rats
who were given an intrathymic injection of isolated
blood cells from Brown-Norway rats and who were
transplanted 1 or 3 days later with a kidney from the
same Brown-Norway donor. In animals transplanted
1 or 3 days after intrathymic blood cell inoculation,
all renal grafts survived more than 70 days. Animals
of both groups are still in good health. In both groups
of rats, urine formation occurred immediately after
transplant, with urine output well maintained there-
after for at least the next 70 days (1-day group:
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TABLE 4. Renal allograft survival in Lewis rats
previously injected intrathymically with medium
alone or with blood cells from BN rats and
transplanted 1 or 3 days later with a kidney from
the same BN donor®

Individual Graft Survival

(days)
Rat No.
Medium BN Blood Cells BN Blood Cells
(1 Day) (1 Day) (3 Days)
1 12 >70 >70
2 10 >70 >70
3 10 >70 >70
4 12 >70 >70
Median 1 >70° >70°

2 BN, Brown-Norway rats.
® p< 0.01 versus medium.

pretransplant, 12.7 + 2.2; posttransplant day 6, 13.7
+ 1.7; day 25, 15.5 + 4.1; day 70, 14.7 + 6.3 mL/24
h; 3-day group: pretransplant, 13.5 + 1.9; posttrans-
plant day 6, 12.5 + 2.4; day 25, 14.5 + 4.6; day 70,
16.2 + 5.4 mL/24 h). In these rats, renal function
was preserved during the observation period, as doc-
umented by serum creatinine concentrations com-
parable to pretransplant values (1-day group: pre-
transplant, 0.62 + 0.06; posttransplant day 70, 0.67
+ 0.08 mg/dL; 3-day group: pretransplant, 0.64 +
0.05; posttransplant day 70, 0.70 + 0.07 mg/dL). By
contrast, in control rats intrathymically given the
medium alone and transplanted 1 day later, grafts
failed in 10 to 12 days. In these latter animals, urine
output progressively declined from day 8 and rats
died within 24 to 48 h from the onset of anuria.

Unresponsiveness to Renal Allograft Can Be
Induced in Rats with Chronic Renal Failure

Lewis rats with ablation of renal mass developed
renal insufficiency as documented by a significant
increase in serum creatinine 30 days after surgery
as compared with baseline values (1.31 + 0.11 versus
0.61 + 0.03 mg/dL; P < 0.01). At this time, the
intrathymic injection of isolated blood cells from
Brown-Norway rats allowed kidney graft from the
same Brown-Norway donor, performed 10 days later,
to survive indefinitely. Thus, renal grafts survived to
beyond the end of the 100-day study period in all
animals. The transplanted rats showed early urine
formation. Diuresis was then maintained for at least
the next 100 days in rats that had received intra-
thymic blood cells (pretransplant, 14.2 + 2.6; post-
transplant day 6, 15.0 + 4.5; day 20, 17.7 + 2.8; day
40, 17.5 + 2.5; day 100, 19.7 + 5.5 mL/24 h). A
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complete recovery of renal function was observed
within the first 7 days after kidney graft. At this
time, serum creatinine values were significantly
lower than that before renal transplantation (0.66 +
0.03 versus 1.31 £ 0.11 mg/dL; P <0.01). Thereafter,
renal function of the transplanted kidneys was nor-
mal, as indicated by serum creatinine concentra-
tions, 100 days after surgery at an average of 0.68 +
0.04 mg/dL.

DISCUSSION

These studies demonstrate that the process of un-
responsiveness to a subsequent kidney allograft in-
duced by intrathymic glomerular transplantation is
donor specific. Actually, when glomeruli from a
strain different from the one that was subsequently
used for the kidney transplant were injected into the
thymus of Lewis rats, the kidney graft was not tol-
erated. Similar results were obtained by Posselt et al.
(3), who documented that when a “third-party” donor
was used for intrathymic injection of pancreatic islet,
the subsequent renal subcapsular islet transplant
was not accepted. All together, these findings would
indicate that donor antigens are instrumental and
specific for the achievement of the subsequent kid-
ney graft tolerance.

There are data in the literature showing that i.v.
antigen pretreatment, when combined with an im-
munosuppressive agent, can also prolong renal allo-
graft survival. Despite the fact that true tolerance
has never been achieved by such maneuvers (15-
19), we wanted to exclude the possibility that our
findings were because of peripheral rather than cen-
tral tolerance induction and investigated whether
alternative sites of donor antigen inoculation such as
i.p. administration would have achieved similar re-
sults. Findings that combining pretreatment with
CsA and corticosteroids, as for the thymus experi-
ments, with i.p. antigen did not induce tolerance to
the subsequent renal allograft from the same donors
would indeed suggest that the intrathymic route is
uniquely tolerogenic.

Another possibility to take into account is that CsA
and steroids used to inhibit T cell activation and to
deplete them from peripheral circulation also induce
changes in the structure and function of the thymus,
which include a decrease in thymus epithelial and
cortical cells (20). Thus, we wanted to evaluate
whether such changes might have been responsible
for the induction of unresponsiveness as to allow
indefinite survival of renal graft. This possibility,
however, is inconsistent with findings that all control
animals that were given the same amount of CsA
and dexamethasone but did not have intrathymic
glomeruli rejected the subsequent renal graft. To def-
initely rule out the possibility that immunosuppres-
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sive drugs interfered with the functional properties
of the thymus, we used an alternative strategy to
deplete circulating lymphocytes by treating the recip-
ients with a single injection of ALS. ALS pretreat-
ment as observed with CsA and dexamethasone was
associated with indefinite survival of the subsequent
renal graft, providing that the thymus was exposed
in advance to donor glomeruli. Because, to the best
of our knowledge, administration of ALS has never
been associated in vivo with morphological evidence
of thymus atrophy, these experiments can be taken
to indicate that the induction of donor-specific un-
responsiveness documented in the previous (1,3) and
present studies is unrelated to an effect of the im-
munosuppressive drugs employed on cortical or med-
ullary thymocytes.

So far, experiments to achieve immunotolerance
by preexposing the thymus to donor cells have been
performed by injections into the thymus cells from
the same organ (1,3) that was subsequently used for
extrathymic transplantation. This would lead to the
theoretical possibility that antigens required to in-
duce thymus-mediated unresponsiveness were pos-
sibly of tissue-specific type. Here, we addressed such
an issue. Considering that the outcome of tissue al-
lografts is likely determined by MHC class I and class
II antigens (21,22), we have tried to inject into the
thymus a preparation of donor peripheral blood cells,
which included white cells and platelets. The first set
of experiments was done 10 days before the kidney
transplant. Findings that donor blood cells induced
indefinite survival of the subsequent kidney graft as
isolated glomeruli did indicate that antigens relevant
to the induction of unresponsiveness are shared by
blood cells and glomeruli. This is consistent with the
notion that class I antigens are expressed in high
concentrations in lymphocytes and platelets (23) as
well as in glomerular endothelial and mesangjal cells
(24.25). On the other hand, class II antigens are
expressed on B lymphocytes, monocytes, and some
activated T lymphocytes but are also found on glo-
merular endothelial cells (22,26).

All of these experiments do not yet allow conclu-
sions to be made on whether the theoretical possibil-
ity of achieving donor-specific tolerance to allografts
would possibly apply to human transplantation. One
can not exclude the possibility that the mechanism
we (1) and others (3) have described only applies to
the peculiar immune system of the rat. If future
experiments in larger animals will confirm our find-
ings, thus offering the rationale for a possible appli-
cation of this technique to humans, one could hope
for a shorter waiting period between intrathymic cell
injection and subsequent organ transplant. Our data
presented here indicate that in the rat 24-h exposure
of thymus cells to blood cell antigens are enough to
promote the process of donor-specific tolerance. The

1069



Immune Tolerance to Rat Renal Allograft

mechanism(s) involved in such phenomenon can
only be suggested at this stage. It is known that stem
cells of bone marrow origin migrate to the thymus
and then move from the cortex to the medulla where
recognition of self-antigens as presented by dendritic
cells takes place (9). At that point, autoreactive clones
are eliminated (8,27) or undergo clonal anergy (9) by
mechanism(s) that have only recently come to light.
We speculate that in our experimental condition dur-
ing this journey thymus lymphocytes that are ex-
posed to donor foreign antigens undergo a process of
clonal deletion (5-9), i.e., clonal elimination of self-
reactive T cell clones. This occurs when self-antigens
and self-MHC antigens are presented to the T cells
while they are maturing in the thymus (9). That this
may be the case is indirectly supported by analysis
of lymphonode cells revealing that the frequency of
cytotoxic T lymphocyte to donor strain alloantigens
was considerably reduced in recipients of intra-
thymic grafts compared with untransplanted con-
trols (3).

One has to consider that, by reducing the period of
exposure of thymus cells to leukocytes and platelets
by the present experimental design, an additional
variable has been introduced. Thus, it is possible
that the achievement of immune tolerance in the
latter experiments was initially favored by the high
dose of CsA and glucocorticoids given at the time of
thymus injection. However, controls, i.e., animals
given the blood cell medium into the thymus together
with CsA and steroids and receiving the kidney trans-
planted 24 h later, all died within 12 days. This would
imply that, independent from a possible early benefit,
the two doses of CsA and the single dose of steroids
do not offer a sustained protection against allograft
rejection.

Before considering our findings as possibly rele-
vant for human renal allograft, one would like to
address whether the several immunological abnor-
malities of uremia (28,29) may affect the success of
such a procedure. Findings that Lewis rats with
chronic renal failure previously injected intrathymi-
cally with donor blood cells tolerated the subsequent
kidney graft from the same donor indicate that ure-
mia does not preclude the possibility of renal allograft
tolerance.

Finally, the study presented here opens interesting
perspectives for future studies aimed at addressing
the theoretical possibility of transferring tolerance
by various maneuvers, which may include transfer-
ring recipient immunocompetent cells.
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