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Neonatal Tolerance Revisited: Turning on
Newborn T Cells with Dendritic Cells

John Paul Ridge,” Ephraim J. Fuchs,T Polly Matzinger

For some time it has been thought that antigenic challenge in neonatal life is a tolerogenic
rather than immunogenic event. Reexamination of the classic neonatal tolerance exper-
iments of Bilingham, Brent, and Medawar showed that tolerance is not an intrinsic
property of the newborn immune system, but that the nature of the antigen-presenting
cell determines whether the outcome is neonatal tolerance or immunization.

Nearly half a century ago, Burnet proposed
that the function of the immune system is
to distinguish self from nonself (1) and that
self-tolerance is set early in life by the elim-
ination of self-reactive lymphocytes (2, 3).
Though Burnet’s group could not demon-
strate such an early critical period (4, 5),
the paradigm was established when Me-
dawar and colleagues (6) found that rodents
injected at birth with hemopoietic cells
from a genetically different donor were later
able to accept transplants from the same
donor, thereby providing support for the
idea that neonatal lymphocytes are unique-
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ly susceptible to the induction of tolerance.

In the ensuing decades, inquiries into
the mechanisms involved led to two main
categories of interpretation. Passive models
suggest that experimental neonatal toler-
ance occurs by negative selection in the
same way as does natural self-tolerance.
Neonatal mice, having so few mature T
cells, would be unable to reject the donor
cells, which would therefore take up resi-
dence and circulate to the thymus to impart
tolerance by deletion in the same way as
do the normal cells of the recipient (3, 7).
Active models suggest that the newborn T
cells generate predominantly suppressive,
anti-idiotypic, or “deviated” T helper cell
2 (Ty42) immune responses that protect
from self-rejection (8, 9). However, new-
born mice have occasionally been immu-
nized to generate Ty,1 responses (10) and,
though some viruses induce tolerance if
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given neonatally (11), others immunize
(4). These examples of neonatally induced
immunity are not easily explained by ei-
ther the passive or the active models of
neonatal tolerance.

We analyzed the possibility that the crit-
ical components in experimental neonatal
tolerance are the donor cells, not the re-
sponding T cells. Our theoretical basis was
the “Danger” model (12), which suggests
that the immune system does not discrimi-
nate between self and nonself but between
dangerous and harmless entities, and that
the primary distinction is made by antigen-
presenting cells (APCs), which are activat-
ed to up-regulate costimulatory molecules
only when induced by alarm signals from
their environment [for example, by tissues
undergoing stress and abnormal death or by
microbial products (12, 13)]. If, as suggested
by “Two-Signal” models, lymphocytes are
rendered tolerant by antigen recognition in
the absence of costimulatory signals (14—
16), then the absence of costimulation by
normal, healthy peripheral tissues (17, 18)
should continuously induce T cell tolerance
in the periphery. From this perspective,
there is no need for an early period of
tolerizability, and newborn T cells should
have the same options as adult virgin T
cells, being activated in the presence of
costimulatory signals and tolerized in their
absence.

Why then are newborn T cells tolerized
by an injection of large numbers of spleen
or bone marrow cells? We speculated that
the reason might lie with the mixture of
cells in the donor inocula, which contain
very few professional APCs (19) and a large
percentage of T and B cells, which cannot
costimulate virgin T cells (20~-22). Thus
the tiny number of virgin T cells in new-
born mice might easily be overwhelmed by
interactions with the tolerogenic cells in
the inoculum before ever having an oppor-
tunity to meet an activating APC such as a
dendritic cell. We expected, however, that
if we isolated the critical components of the
inoculum, the neonates should become
primed by an injection of dendritic cells
and tolerized by the B cells.

To test this view, we injected newborn

female C57BL/6 (B6) mice with B6 male

~cells and tested their cytotoxic T lympho-

cyte (CTL) responses to the male antigen
H-Y. In the classic studies (6), the donors
and recipients differed by major histocom-
patibility complex (MHC) antigens, to
which primary responses are strong and for
which the window of tolerizability is short
and the induction of tolerance is a major
accomplishment. To test for neonatal prim-
ing, we chose the in vitro CTL response to
H-Y, which is completely dependent on
prior in vivo immunization. In addition, the
responses are less vigorous than those to
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MHC antigens, the window of tolerizability
is long (23), and tolerance induction re-
quires fewer donor cells (23). This is a
combination of donor and recipient in
which tolerance is easy to induce and in
which priming should be difficult.

Because the classic experiments were

A
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male spleen
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10 x 108

5x 108
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40-

done using skin grafts as tests, we first es-
tablished that CTL killing was also an ap-
propriate assay for neonatal tolerance. Fol-
lowing Billingham and Silvers (23), we in-
jected B6 females with increasing doses of
male spleen cells at various times after
birth, immunized them at adulthood with a
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Fig. 1. (A) Female B6 mice can be tolerized by male spleen cell inocula from day 1 to day 24. Newborn
mice were sexed, and a group was injected intraperitoneally (ip) with B6 male spleen cells in phosphate-
buffered saline (PBS) at days 1, 7, 18, and 24 with 5, 10, 25, and 40 X 108 cells, respectively. At 8 weeks,
experimental mice (upper panel) and some untreated littermate controls (lower panel) were injected ip
with 2 X 10® B6 male spleen cells. Two weeks later, spleen cells from these mice were restimulated in
vitro and tested for CTL killing on male and female targets in a JAM Test (32). In the lower panels, solid
circles indicate control littermates that received only the priming dose; open squares indicate untreated
littermates. Solid lines indicate killing on male targets and dashed lines indicate killing on female targets.
All mice generated CTLs to third-party CBA/J targets (33). R:T, responder-to-target ratio. (B) Splenic T
cell profiles of newborn, young, and adult mice. Cells from female mouse spleens were counted and
stained with monoclonal antibody to mouse CD4 cells (CT-CD4 fluorescein isothiocynate) and mouse
CD8 cells (CT-CD8 phycoerythrin) (Caltag, South San Francisco, California) and analyzed on a FACScan
(Becton Dickinson). Twenty-four animals were analyzed on the same day, four of each age. Averages of
the spleen cell numbers are shown above and the percent values for the representative animals are

shown in quadrant format below each plot.
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known priming dose of B6 male spleen cells,
and tested them 2 weeks later for the gen-
eration of H-Y-specific killers. Figure 1A
shows that they were still tolerizable at day
24 of life although, as noted before (23), the
induction of tolerance required ever larger
inocula. This decrease in sensitivity corre-
lated with the rising number of T cells
found in the spleens of the recipients (Fig.
1B). On average, we found that tolerance
induction was achieved with an injection of
about five male spleen cells for every resi-
dent female splenic T cell.

We next asked if tolerance was the only
option available to newborn females or if
they could be primed by an inoculum of
professional APCs. To test this, we injected
them at birth with highly enriched male
dendritic cells and tested their CTL re-
sponses when they reached maturity. In a
representative experiment, eight out of
eight adult females that had been injected
at birth with male dendritic cells were able
to generate good CTL killing (Fig. 2). How-
ever, before concluding that neonatal T
cells had been primed, we needed to explore
the possibility that they had ignored the
dendritic cells, becoming neither primed
nor tolerized, until they matured enough to
react. If the male dendritic cells were long-
lived, the CTL reactivity that we measured
at 8 weeks might actually have been the
result of efficient priming of these adult T
cells.

We therefore asked whether neonatally
primed females could be tolerized on day 7
with injections of whole male spleen cells

Newborns injected

with DCs Controls
801 i Adult injected with
| same DCs
\\)
60-
o /!
£ 401
[ !
20+ Unprimed littermate
0,
3 30 267
R:T

Fig. 2. Newborn female mice are primed to H-Y
by injection of male dendritic cells (DCs). Newborn
female B6 mice were injected ip with 1 x 10°
enriched B6 male dendritic cells (34) in PBS and
were tested upon reaching maturity for killing ac-
tivity against B6 male and female targets. Solid
lines indicate killing of male targets and dashed
lines indicate kiling of female targets. R:T, re-
sponder-to-target ratio.



or purified B cells (20). If the neonatally
primed T cells had become typical memory
T cells, they should now respond to a dose of
male cells that would be tolerogenic for their
unimmunized littermates. We found that
66% of mice (35 of 53) that were given
dendritic cells on day 1 were resistant to
tolerance induction (Fig. 3, column e) and
were primed to the same extent as were the
adult female controls (compare Fig. 3, col-
umns d and e, with Fig. 3, column f), where-
as unprimed littermates were tolerized by the
same injections (Fig. 3, column c). Thus,
the dendritic cells injected on day 1 did not
need to wait for a mature immune system—
they were fully able to activate neonatal T
cells. From these data, we conclude that
neonatal T cells are neither innately toler-
izable nor able to make only T};2 responses.
When offered the individual components of
a classic tolerizing inoculum, they are acti-
vated by antigens presented by professional

APCs, such as dendritic cells, and tolerized
by nonprofessional APCs [Fig. 3 and (24)].
In this respect they do not differ from virgin
T cells in adults (18-20, 25).

Why then does an injection of 5 X 10°
mixed male spleen cells tolerize the neona-
tal mouse and immunize the adult? The
difference may lie with the dose. Although
immunization can result from the activa-
tion of only a few T cells, the induction of
tolerance requires that virtually all of the
potentially responsive cells be turned off
(26). Thus, the tolerizing dose for an adult
is likely to be much higher than for a neo-
nate. To the neonate, containing only a few
thousand (virgin) T cells, an injection of 5
X 10° spleen cells contains about 100 non-
APC:s for every T cell; however, to an adult
containing 2000 times more T cells, the
ratio is reversed and the dose of non-APCs
in the inoculum is less than 1 for every 10 T
cells. Consequently, because adult T cells
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Fig. 3. Neonatal T cells first primed with dendritic cells (DCs) are resistant to tolerance induction. To test
whether dendritic cells have their effect on the newborn or, later, on the adult immune system, we
immunized newborn mice with 1 X 10% dendritic cells and then injected them on day 7 with a tolerizing
dose of 3 X 108 purified B cells (open circles) (19) or 5 X 108 spleen cells (solid circles) (column €). As
controls, we also treated littermates with nothing (column a); with a tolerizing dose alone (column b); with
atolerizing dose at day 7 plus an immunization with 2 x 108 spleen cells at 6 weeks of age (column ¢, to
test that the tolerizing dose had been effective); with dendritic cells at day 1 (column d, a positive control
that the dendritic cells were able to prime); or with dendritic cells at day 1, followed by a tolerizing dose
of spleen cells at day 7 (column e, the experimental group). We also injected a control group of adult mice
with the same batch of dendritic cells as those used in columns d and e (column f, to test whether the
dendritic cell immunizations were as efficient in newborns as in adults), and we injected a control group
of untolerized littermates at 6 weeks of age with the same batch of spleen cells as those used to immunize
in column ¢ (column g, to test the efficacy of the spleen cells as immunogens). All the mice were tested
for anti-H-Y CTLs when the experimental groups were 8 to 12 weeks old. Each point represents the
specific killing generated by the spleen cells from an individual mouse at a responder-to-target ratio at
which the specific killing drops off the plateau. Horizontal lines are the group averages. Background killing
on female targets was subtracted.
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are also susceptible to tolerance induction
in the absence of second signals (16, 20,
27), we predicted that they should be ren-
dered tolerant by a correspondingly large
dose of mixed male spleen cells, and Fig. 4
shows that they were. For example, adult
females primed with an injection of 500 X
10° male spleen cells (about five non-APCs
for each circulating T cell) did not generate
efficient CTLs (Fig. 4), nor can they subse-
quently reject male skin grafts (28).

Thus, neonatal and adult T cells have
similar options. Both can be activated by
professional APCs and tolerized by non-
costimulatory cells, and in both cases the
dose is important. This offers a simple al-
ternative explanation for the classic exper-
iments in which injections of bone marrow
or spleen cells induced neonatal tolerance.
We suggest that tolerance occurred not be-
cause the neonate is inherently tolerizable,
but because an inoculum of spleen or bone
marrow cells contains a great many cells
that are unable to deliver costimulation to
virgin T cells. Both neonates and adults can
be tolerized by such an overdose. It simply
takes far fewer cells to generate tolerance in
a newborn because there are far fewer T
cells to turn off.

This interpretation also explains cases in
which neonates clear virus infections (4) or
give other types of Tyl, T2 (9, 10) [or
Ty3? (29)] responses. If tolerance versus
activation is governed by the dose and form
of antigen presentation (12, 14, 16), then
we might expect that newborn mice could
be appropriately immunized to generate all
the classes of response normally found in
adults. Together with our data, the studies
in two accompanying papers in this issue
show that mature virgin T cells, even as
recent thymic immigrants, can be immu-
nized, tolerized, or switched to T};1 or T2
responses according to such simple para-
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80 ° 8 of8 g
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Fig. 4. Tolerance to H-Y in adult female mice.
Adult female B6 mice were injected ip with in-
creasing numbers of male spleen cells in 500 pl of
sterile PBS and tested 3 to 4 weeks later for the
ability to generate H-Y-specific killers. Values rep-
resent CTL kiling from individual animals. Solid
symbols show killing on male targets, and open
symbols show killing on allogeneic targets. Lines
connect the means for each group.
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meters as the dose of antigen (30), the type
of adjuvant (31), and the type of APC
(Figs. 2 to 4). They are also compatible with
the view that tolerance or activation to a
peripheral antigen is not determined by the
self or nonself origin of the antigen but
rather by the conditions under which it is
introduced.
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Induction of Protective CTL Responses in
Newborn Mice by a Murine Retrovirus

Marcella Sarzotti,* Deanna S. Robbins, Paul M. Hoffman

The susceptibility of neonates to virus-induced disease is thought to reflect, in part, the
immaturity of their immune systems. However, inoculation of newborn mice with low
doses of Cas-Br-M murine leukemia virus induced a protective cytotoxic T lymphocyte
(CTL) response. The inability of neonates to develop a CTL response to high doses of virus
was not the result of immunological immaturity but correlated with the induction of a
nonprotective type 2 cytokine response. Thus, the initial viral dose is critical in the
development of protective immunity in newborns.

In neonates, B cell and T cell responses to
antigen are impoverished compared to
those in adults (1). In part, these reduced
responses are the result of deficient acces-
sory cell numbers or function (2). However,
T cells from neonates express receptors for
cytokines and costimulatory molecules in
amounts similar to those expressed by adult
T cells (3), and in vitro CTL responses to
alloantigen can be detected by 4 to 6 days
postpartum, gradually increasing to adult
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amounts by 11 to 20 days postpartum (4).
Infection of neonatal NFS/N mice (Fuv-
1" H-27%) with Cas-Br-M murine leuke-
mia virus (Cas) [1000 plaque-forming units
(PFU) per mouse] (5) results in rapid virus
replication, detectable (6) in the spleen
(10* to 10° PFU/g) and brain (10% to 10*
PFU/g) within 2 weeks of infection (7).
This perinatal infection does not elicit pro-
tective CTL and interferon y (IFN-y) re-
sponses and results in virus-induced neuro-
logic disease (8, 9). However, these mice do
not exhibit a generalized suppression of T
cell function and remain fully competent to
generate allogeneic CTL responses (8). In
contrast, Cas infection (1000 PFU) in 21-
day-old mice leads to a protective CD8*
CTL response and no neurologic disease (8,
9). Thus, as in other viral systems, the
ability to develop a CTL response influenc-
es the outcome of viral disease (10).
Because the number of T cells per spleen
is 3 to 3.5 log units lower in neonates than
in adult mice (11), we tested whether inoc-
ulation of newborn mice with a dose of Cas
proportional to their splenic T cell number





