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“Infectious’’ Transplantation Tolerance

Shixin Qin, Stephen P. Cobbold, Heather Pope, James Elliott,
Dimitris Kioussis, Joanna Davies, Herman Waldmann*

The maintenance of transplantation tolerance induced in adult mice after short-term treat-
ment with nonlytic monoclonal antibodies to CD4 and CD8 was investigated. CD4* T cells
from tolerant mice disabled naive lymphocytes so that they too could not reject the graft.
The naive lymphocytes that had been so disabled also became tolerant and, in turn,
developed the capacity to specifically disable other naive lymphocytes. This process of
“infectious” tolerance explains why no furtherimmunosuppression was needed to maintain

long-term transplantation tolerance.

A major goal of transplantation is that
the recipient should accept and become
tolerant to a foreign organ graft as though it
were a “self” tissue. The classic experiments
of Medawar and colleagues (1) established
this principle in the neonatal mouse. In the
adult mouse lifelong tolerance can also be
achieved with short courses of monoclonal
antibodies (MAbs) to CD4 plus CD8 (2—4)
or CDl1a plus intercellular adhesion mole-
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cule-1 (ICAM-1) (5), even though new T
cells continue to be made by the thymus.
We wished to determine the mechanisms
that might operate to keep the proliferation
of such new T cells in check. A clue was
provided by the finding that we could not
break tolerance by transfusions of normal
naive lymphocytes (3). Consequently, we
reasoned that if we could establish the
mechanism by which these naive lympho-
cytes become disabled, we might under-
stand the processes controlling any new T
cells produced by the body.

In order to follow events in a stable
peripheral T cell pool, we used mice that
had been thymectomized (ATx) at 4 to 6
weeks of age. Such ATx CBA/Ca mice



were transplanted with skin from minor
histocompatibility-mismatched =~ B10.BR
donors and then given the tolerizing proto-
col (6). At 4 months after transplantation
an infusion of 50 million splenocytes from
normal CBA/Ca mice, together with fresh
B10.BR grafts, could not break tolerance in
any of the mice (Fig. 1A). However, prior
ablation of the T cells of the tolerant host
with depleting MAbs to CD4 and CD8 (7)
7 weeks before transplantation of the sec-
ond graft resulted in the rejection of both
the first and second grafts by the infused
cells. This demonstrated that it was the T
cells in the tolerant host that were inhibit-
ing the infused cells.

Consistent with this finding, spleen cells
from tolerant animals could directly sup-
press naive lymphocytes in a classic adop-
tive transfer—type system. Fifty million
spleen cells from each of tolerant and naive
animals were transferred into T cell-deplet-
ed “test-tube” mice (8) grafted with a test
B10.BR skin and a third-party skin (Fig.
1B). Cells from tolerant donors prevented
naive cells from rejecting B10.BR grafts (9)
but not the third-party grafts (10). Prior
removal of CD4" but not CD8* T cells
eliminated the suppression, so we conclud-
ed that CD4* T cells from the tolerant
mice were necessary for the prevention of
graft rejection.

In order to determine the fate of naive T
cells that had been unable to reject a graft
in tolerant mice, we used transgenic mice
(hCD2%/CBA) as the tolerant hosts that
express human CD2 on all of their T cells
(11). This allowed us to identify the host T
cells and to ablate them with MAbs to
human CD2 as desired. These mice rejected
B10.BR skin grafts normally with a median
survival time (MST) of 14 days (Fig. 2A),
could be made tolerant as before, and were
once again nonpermissive to lymphocyte
infusions from naive nontransgenic litter-
mates (Fig. 2B). If, at the time of infusion,
the host-type hCD2* T cells were depleted
with a MADb to human CD2 (12, 13), the
infused T cells could reject both B10.BR
and third-party BALB/c skin grafts prompt-
ly (MST = 14 and 13 days, respectively;
Fig. 2B). This confirmed that T cells in the
tolerant hCD2* recipient were disabling
graft rejection by naive cells and that in-
fused donor T cells could otherwise func-
tion normally in the hCD2™ recipient.

If we allowed naive donor cells to coex-
ist with tolerant host cells for 7 days and
then depleted host T cells (with MAb to
hCD2), the infused donor cells still rejected
the B10.BR grafts in six of eight mice
(Table 1, group C). However, when we
extended the period of coexistence to 2
weeks, all mice kept their B10.BR grafts
indefinitely yet rejected third-party grafts
normally (Table 1, group B) (14). The

Fig. 1. CD4* cells in A B
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tolerant mice were giv- © 0
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weeks) of MAbs (| ) to Time (days)

deplete CD4+ and CD8* cells (7). On day 119, all tolerant mice received 5 x 107 spleen cells
intravenously from normal CBA/Ca mice. Another B10.BR and a third-party BALB/c skin graft were
transplanted at this time. All BALB/c grafts were rejected within 14 days. Both original (®) and
second (O) B10.BR skin grafts survived in mice whose T cells had not been depleted (n = 6),
whereas mice that had been depleted of T cells (n = 5) rejected both the original (A) and second
B10.BR grafts (m). (B) Cells from the spleen and lymph node were taken from ATx CBA/Ca mice
made tolerant to B10.BR skin (6) more than 90 days previously. CD4~ and CD8~ cells from tolerant
mice were obtained as follows: ATx CBA/Ca mice made tolerant as above received two depleting
doses of either CD4 or CD8 MAbs (7). Eight weeks later, cells from the spleen and lymph node of
these mice were further depleted with biotinylated MAbs YTA 3.1 or YTS 156 plus streptavidin
Dynabeads (Dynal, Oslo, Norway) such that each treated population contained <0.5% of CD4* or
CD8* cells, respectively. Fifty million tolerant (A), CD4~ (O), CD8~ (@), or no (M) cells were mixed
with 5 x 107 normal spleen cells and injected into ATx T cell-depleted recipient CBA/Ca mice (8)
that had been grafted with B10.BR and BALB/c skin the same day. The survival of B10.BR grafts is
shown, and all third-party BALB/c grafts were rejected within 18 days (MST = 15 days). Separate
experiments established that tolerant spleen cells alone also suppressed.

failure of infused cells to reject B10.BR
grafts was not due to any lack of engraft-
ment because 2 weeks after infusion of 50
million unmarked (hCD2~) naive spleno-
cytes into tolerant hCD2*/CBA recipients,
donor T cells represented approximately
26% of the CD3* T cells in the peripheral
blood (Fig. 3C). After treatment with the
MAD to hCD2, all the peripheral T cells
(>99%) were of donor (hCD2~) pheno-
type (Fig. 3D). Therefore, during a 2-week
period of coexistence with tolerant cells,
the naive donor T cells had themselves
become tolerant.

We investigated this second-generation
tolerance further. Tolerant mice that had
been reconstituted with unmarked donor
(hCD27) T cells (after depletion of h\(CD2*

cells at 2 weeks) maintained their tolerant

Fig. 2. Induction of toler- A
ance and failure to break

state even after a further infusion of 50
million naive donor spleen cells (60 days
after the first infusion). None of these
animals rejected their two established
B10.BR grafts or their fresh B10.BR graft
(all six animals kept the three B10.BR
grafts for >70 days after the second donor
infusion). This result indicated that the
acquisition of tolerance in naive cells was
again accompanied by the development of a
capacity to prevent newly infused cells from
rejecting the graft.

We have previously observed this same
failure to break tolerance by lymphocyte
infusions in antibody-facilitated tolerance
to proteins and skin- or bone-marrow grafts
(3, 15). It is also difficult to break (by
lymphocyte infusion) neonatal tolerance
(16) or peripheral tolerance in mice ex-

tolerance in hCD2+/CBA 3 100
mice. (A) Adult thymec- 5 8
X 2 60
tomized hCD2+/CBA 2
mice rejected B10.BR @ 40
tail-skin grafts (MST = § 20
14 days) (®; n=6). © O
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Intravenous injection of
ATx hCD2*/CBA mice
at the time of skin grafting with YTH 655 MAb (1 mg per mouse) to deplete hCD2* cells (73)
prolonged the MST of B10.BR skin grafts to >90 days (M; n = 5) and of BALB/c skin to 52 days (A;
n = 4). (B) ATx hCD2+/CBA mice were made tolerant to B10.BR skin (6) at 10 to 12 weeks of age.
A second B10.BR skin was grafted 70 to 90 days later (time indicated by arrow) to confirm tolerance
(defined as day 0). Data were pooled from two experiments. Mice with no other treatment kept both
original and test grafts beyond day 60 (B; n = 8). Injection at the time of the second skin grafting,
with 5 x 107 normal spleen cells, from hCD2~ littermates did not affect graft survival (O; n = 7).
Another nine tolerant mice were depleted of host (h\CD2+) T cells with YTH 655 MAb at the time of
donor cell infusion. Rejection of original (®; MST = 15 days) and second (A; MST = 15 days)
B10.BR skin grafts was only observed in these hCD2-depleted mice. Third-party BALB/c skin grafts
given at the time of the second B10.BR graft were rejected in all groups within 15 days.

Time (days) Time (days after second skin graft)
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Table 1. Induction of tolerance in naive spleen cells after coexistence with tolerant T cells. Adult
thymectomized hCD2*+/CBA transgenic mice (in groups B and C) were made tolerant to B10.BR
skin by nondepleting antibody therapy (6). Mice in group A were untreated ATx hCD2+/CBA
controls. All mice were given 5 x 107 spleen cells from hCD2~ littermates at 56 or 63 days after
tolerance induction. After a further period of 1 week (group C) or 2 weeks (groups A and B), the host
hCD2* cells were selectively depleted by two intravenous injections (1 mg each per mouse, 7 days
apart) of YTH 655 MADb to hCD2 (72, 13). On the day of the second MAb injection, all mice were
grafted with a fresh B10.BR (test) skin and third-party BALB/c skin. Graft survival is given for
individual mice pooled from two separate experiments.

Graft survival from time of test skin transplant (days)

Group Period of
coexistence Tolerizing . Third-party
B10.BR skin TestBIOBRskin - gl B/c skin
A—control mice 2 weeks (days  Not grafted 13, 14, 14, 16 12,13, 13, 13
(not tolerant) —14 10 0)
B—tolerant mice 2 weeks (days  All >60 (n = 8) All >60 (n = 8) 13, 14, 14,
—14 to 0) 15,16, 17,
17,18
C—tolerant mice 1 week (days 17,18, 18, 19, 25, 17,19, 18, 20, 24, 12,12, 12,
—7100) 25, >60, >60 25, >60, >60 12, 13, 14,
18,19
Fig. 3. Engraftment of in- hcD2* hCD2~

fused hCD2~ T cells in
hCD2+/CBA mice. Two-
color immunofluorescence
of PBL (78) stained with rat
MADbs to mouse CD3 and
human CD2 from (A) un-

treated ATx hCD2*/CBA
control mice; (B) untreated
hCD2~ littermate controls;

(C) B10.BR-tolerant ATx
hCD2*/CBA mice given 5
x 107 hCD2~ spleen cells;

Mouse CD3

hCD2—) Tolerant hCD2*

T o

and (D) B10.BR-tolerant
ATx hCD2*/CBA mice giv-
en 5 x 107 hCD2~ spleen
cells and MAb to human
CD2. Mean percentage
staining is shown of three
or four mice per group in
each quadrant of the rep-
resentative  plots. The

j168 .

479 |

c 0.7 D

0.8

mean percentage (+SD)
and geometric mean fluo-
rescence (1 to 10,000

Human CD2

channels) of CD3*hCD2* cells in (A) and (C), respectively, were 66.9 = 4.6%, 415 (¥1.1), and 47.9
+ 8.0%, 398 (X1.2). Mice in (D) were followed for 3 months after antibody treatment; however, we
detected no CD3+CD2+ cells in the PBL (<1%) in any of these mice.

pressing transgene products extrathymically
(17). By showing engraftment of the in-
fused T cells, we have ruled out space
constraints as an explanation and conclude
that peripheral T cells in the tolerant host
can guide new T cells infused from the
outside toward a similar state of tolerance.
Our findings may explain why euthymic
mice exhibit long-term tolerance after short
courses of nonlytic antibody therapy. A
tolerant peripheral immune system would
presumably deal with new T cells released
from the thymus in the same ways as it deals
with T cells introduced experimentally
from the outside—that is, by “infectious”
tolerance.
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In addition to documenting transferable
transplant suppression by CD4* T cells,
these findings show that the suppressed T
cells are themselves guided to tolerance and
ultimately can disable other T cells. Be-
cause second-generation tolerance arises in
the absence of any MAb to CD4 or CDS, it
probably represents a “natural” response of
the immune system, which, once initiated,
becomes self-sustaining.
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Carboxyl Methylation of Ras-Related Proteins
During Signal Transduction in Neutrophils

Mark R. Philips,* Michael H. Pillinger, Roland Staud,
Craig Volker, Melvin G. Rosenfeld, Gerald Weissmann,
Jeffry B. Stock

In human neutrophils, as in other cell types, Ras-related guanosine triphosphate-binding
proteins are directed toward their regulatory targets in membranes by a series of posttrans-
lational modifications that include methy! esterification of a carboxyl-terminal prenylcysteine
residue. In intact cells and in a reconstituted in vitro system, the amount of carboxyl meth-
ylation of Ras-related proteins increased in response to the chemoattractant N-formyl-
methionyl-leucyl-phenylalanine (FMLP). Activation of Ras-related proteins by guanosine-
5'-0-(3-thiotriphosphate) had a similar effect and induced translocation of p2242 from
cytosol to plasma membrane. Inhibitors of prenylcysteine carboxyl methylation effectively
blocked neutrophil responses to FMLP. These findings suggest a direct link between re-
ceptor-mediated signal transduction and the carboxyl methylation of Ras-related proteins.

The Ras-related guanosine triphosphate
(GTP)-binding proteins regulate a wide
variety of cellular processes, including sig-
nal transduction (1). The biological activ-
ity of Ras-related proteins depends on the
ability of these proteins to associate with
membranes. These intrinsically hydrophilic
proteins become associated with mem-
branes as a result of a series of posttransla-
tional modifications of their COOH-termi-
ni (2). The Ras-related proteins of the Ras
and Rho subfamilies are among a class of
proteins that end with the COOH-terminal
consensus sequence CAAX, in which C is
cysteine, A is usually an aliphatic amino
acid, and X is another amino acid. Several
cytosolic prenyl transferases recognize these
sequences and catalyze the attachment of a
polyisoprene chain (15-carbon farnesyl or
20-carbon geranylgeranyl) by a thioether
linkage to the cysteine. The prenylated
COOH-terminus is recognized by a mem-
brane-associated protease that removes the
AAX amino acids. The new COOH-termi-
nal prenylcysteine subsequently becomes a
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substrate for a membrane-associated car-
boxyl methyltransferase that methyl esteri-
fies the a carboxyl group. Thus, prenylation
and AAX proteolysis are prerequisites for
carboxyl methylation.

Unlike prenylation and proteolysis, car-
boxyl methylation is reversible under phys-
iologic conditions (3). Genetic studies in
yeast (4) and in vitro analysis of p21X=®
(5) indicate that carboxyl methylation aug-
ments the membrane association of pro-
cessed CAAX-containing proteins, presum-
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ably by neutralizing the negative charge at
the COOH-terminus. It is unclear whether
the COOH-terminal prenylcysteine methyl
ester inserts nonspecifically into lipid bilay-
ers or binds to specific membrane targets.
The reversibility of carboxyl methylation
and the function of Ras-related proteins in
signaling suggest that carboxyl methylation
may regulate signal transduction.

Ras-mediated signaling has been studied
in tissue culture, generally in the context of
growth factor-mediated proliferation and
differentiation. Unlike tissue culture cells,
neutrophils are terminally differentiated,
short-lived cells that have no proliferative
capacity. Neutrophils have relatively well
characterized pathways of signal transduc-
tion in which stimulus-response coupling is
accomplished within minutes and does not
require protein synthesis (6). We therefore
used human neutrophils as a system in
which to test the hypothesis that carboxyl
methylation of Ras-related proteins is in-
volved in signal transduction.

We first determined whether circulating
neutrophils retain the capacity to process
Ras-related proteins. Metabolic labeling of
human neutrophils with [PH-methyl]me-
thionine [the precursor of the methyl donor
S-adenosyl-L-methionine (AdoMet)] fol-
lowed by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and alkaline hydrol-
ysis of protein methyl esters showed that
the peak of carboxyl methylation was in the
20- to 24-kD region of the gel, consistent
with the molecular mass of p21™ and its
homologs (Fig. 1A). Carboxyl methylation
of these proteins was unaffected by cyclo-
heximide and therefore independent of pro-
tein synthesis. An inhibitor of p21™ meth-
ylation (7), N-Acetyl-S-trans,trans-farne-
syl-L-cysteine (AFC), inhibited carboxyl

Fig. 1. Metabolic labeling of neu- A
trophil Ras-related proteins. Hu- %
man neutrophils were incubated 25
with either [3H-methyljmethionine

(350 to 500 wCi/ml in Hepes-buff- 2
ered salt solution for 1 hour) (A 23
and B) or [5-3H]mevalonolactone

(115 wCi/ml in Hepes-buffered 2
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Dulbecco’s modified Eagle’s me- 21
dium with 25 pM lovastatin) (C).
(A) Trichloroacetic acid (TCA)
precipitates of cells labeled with 18 2
[®H-methyl]methionine in  the 165
presence or absence (Cont., con- f

20
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trol) of either cycloheximide
(CHX) (5 pg/ml), AGC (100 pM),

[3H]methanol (cpm x 10-3)

T
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or AFC (100 pM) were analyzed for carboxyl methylation by SDS-PAGE followed by alkaline
hydrolysis of excised bands and quantitation of volatilized [3H]methanol as described (22). As
reported previously (7), the AFC-insensitive 36-kD carboxyl-methylated protein was not prenylated
and is not associated with CAAX processing. Cells labeled with [3H-methyl]jmethionine (B) or
[5-*H]mevalonolactone (C) were fractionated into cytosolic (CS), plasma membrane (PM), specific
granule (SG), and azurophilic granule (AG) compartments as described (23) and analyzed by
SDS-PAGE and fluorography. The 20- to 24-kD region of the gel shown in (B) was analyzed for
carboxyl methylation as in (A). Of the total alkaline-labile counts recovered, 62% were from PM, 23%

from CS, 12% from SG, and 3% from AG.
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