deletion (24), because clonal deletion of
pCTL was not observed in mice infected
at birth with a high dose of Cas (25). Our
data indicate that the dose of virus en-
countered by the immune system of a new-
born mouse determines the development
of type 1 or type 2 responses and influenc-
es the generation of protective immunity.
Thus, T cells in newborn mice, like those
in adults, may be activated to either type
of response by the appropriate antigen-
presenting cells (26), costimulatory signals
(27), and dose of antigen (Figs. 1 and 3)
(18).

REFERENCES AND NOTES

1. P. G. Spear and G. Edelman, J. Exp. Med. 139, 249
(1974); D. E. Mosier and B. M. Johnson, ibid. 141,
216 (1975).

2. C. Y. Lu, D. I. Beller, E. Unanue, Proc. Natl. Acad.
Sci. U.S.A. 77, 1597 (1980).

3. B. Adkins, A. Ghanai, K. Hamilton, J. /mmunol. 153,
3378 (1994). .

4. L. M. Pilarski, J. Exp. Med. 146, 887 (1977).

5. M. B. Gardner et al,, J. Natl. Cancer Inst. 51, 1243
(1973).

6. W. P. Rowe, W. E. Pugh, J. W. Hartley, Virology 42,
1136 (1970).

7. P. M. Hoffman, S. K. Ruscetti, H. C. Morse I, J.
Neuroimmunol. 1, 275 (1981).

8. P. M. Hoffman, D. S. Robbins, H. C. Morse Ill, J.
Virol. 52, 734 (1984); D. S. Robbins and P. M. Hoff-
man, J. Neuroimmunol. 31, 9 (1991); P. M. Hoffman,
E. F. Cimino, D. S. Robbins, ibid. 33, 157 (1991).

9. M. Sarzotti, D. S. Robbins, P. M. Hoffman, Viral Im-
munol, 6, 207 (1993).

10. J. A. Byrne and M. B. A. Oldstone, J. Virol. 51, 682
(1984); A. E. Lukacher, V. L. Braciale, T. J. Braciale,
J. Exp. Med. 160, 814 (1984); B. D. Jamieson and R.
Ahmed, Proc. Natl. Acad. Sci. U.S.A. 85, 2265
(1988); D. Moskophidis, F. Lechner, H. Pircher, R. M.
Zinkernagel, Nature 362, 758 (1993).

11. P.-F. Piguet, C. Irle, E. Kollatte, P. Vassalli, J. Exp.
Med. 154, 581 (1981).

12. A. QIiff, S. Ruscetti, E. C. Douglass, E. Scolnick,
Blood 58, 244 (1981).

13. The cytotoxic response of mice primed with 0.3
PFU of Cas was high when tested against Cas-
infected NS467 cells [85 * 2% cytotoxicity at an
effector/target (E/T) ratio of 20: 1], but remained at
background amounts when tested against the oth-
ertargets (8 = 2 against TP-3; 15 * 1 against EL-4;
26 = 4 against YAC-1; E/T ratio, 20:1) (mean = SE
of three to seven individually tested mice). Cytotox-
ic activity in splenocytes from sham-inoculated
mice that were cultured in vitro with Cas-infected
cells was uniformly low against all targets (14 = 4
against NS467; 6 = 2 against TP-3; 11 = 3 against
EL-4; 23 + 2 against YAC-1). The specificity and
efficacy of the CTL response from newborn mice
were the same as in adult mice (8, 17).

14. D. S. Robbins, M. P. Remington, M. Sarzotti, D. St.
Louis, P. M. Hoffman, J. Virol. 69, 6847 (1995).

15. Splenocytes from adult mice infected at birth with
0.3 PFU of Cas were restimulated in vitro, enriched
for T cells with the use of affinity columns (77), la-
beled with phycoerythrin-conjugated monoclonal
antibodies to CD4 and fluorescein isothiocyanate—
conjugated monoclonal antibodies to CD8, and pos-
itively sorted. Virtually the entire CTL response was
recovered in the CD8* T cell population (>95% of
the cytotoxic activity of unsorted cells), with no ap-
preciable amount of cytotoxicity detected in the
CD4* population.

16. M. Sarzotti, D. S. Robbins, P. M. Hoffman, unpub-
lished results.

17. M. Sarzotti, T. A. Dean, M. Remington, P. M. Hoff-
man, AIDS Res. Hum. Retroviruses 10, 1695 (1994).

18. C. R. Parish, Transplant. Rev. 13, 35 (1972); P. A.
Bretscher, G. Wei, J. N. Menon, H. Bielefeldt-Ohm-

1728

ann, Science 257, 539 (1992); C. Pfeiffer, J. Mur-
ray, J. Madri, K. Bottomly, Immunol. Rev. 123, 65
(1991); N. A, Hosken et al., J. Exp. Med. 182, 1579
(1995).

19. T. R. Mosmann and R. L. Coffman, Annu. Rev. Im-
munol. 7, 145 (1989).

20. T. J. Powell Jr. and J. W. Streilein, J. Immunol. 144,
854 (1990); N. Chen and E. H. Field, Transplantation
59, 933 (1995).

21. F. P. Heinzel, M. D. Sadick, B. J. Holaday, R. L.
Coffman, R. M. Locksley, J. Exp. Med. 169, 59
(1989); A. Sher et al., Immunol. Rev. 127, 183 (1992);
S. Schurmans et al., J. Immunol. 145, 2465 (1990).

22. The IL-4 response of splenocytes to neonatal infec-
tion with a high dose of Cas was mediated by CD4*
T cell populations (unfractionated splenocytes,
10,311 = 1220 cpm; CD4 T cells, 15,368 + 1247
cpm; CD8* T cells, 419 = 98 cpm, as measured
with the CT.4S proliferation assay).

28. J. K. Actor et al., Proc. Natl. Acad. Sci. U.S.A. 90,
948 (1993).

24, R. Zamoyska, H. Waldmann, P. Matzinger, Eur. J.
Immunol. 19, 111 (1989).

25. M. Sarzottiand D. S. Robbins, in Modern Approach-
es to New Vaccines Including Prevention of AIDS, R.
M. Chanock, H. S. Ginsberg, F. Brown, R. A, Lerner,
Eds. (Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY, 1991), pp. 355-358.

26. E. J. Fuchs and P. Matzinger, Science 258, 1156
(1992); P. Matzinger, Annu. Rev. Immunol. 12, 991

(1994); J. P. Ridge, E. J. Fuchs, P. Matzinger, Sci-
ence 271, 1723 (1996).

27. K. J. Lafferty and A. Cunningham, Aust. J. Exp. Biol.
Med. Sci. 53, 27 (1975); G. R. Otten and R. N. Ger-
main, Science 251, 1228 (1991); K. J. Lafferty, S. K.
Babcock, R. G. Gil, Prog. Clin. Biol. Res. 224, 87
(1986); M. K. Jenkins and R. H. Schwartz, J. Exp.
Med. 165, 302 (1987); V. K. Kuchroo et al., Cell 80,
707 (1995).

28, Responder splenocytes (3 X 108) and irradiated, Cas-
infected splenocytes (4 X 108) or irradiated, Cas-infect-
ed NS467 lymphoma cells (5 X 105) were cocultured for
5 days in each well of 24-well tissue culture plates in
Eagle’s minimal essential medium, 10% fetal bovine se-
rum, antibiotics, 2-mercaptoethanol, and L-glutamine
8,9, 14, 17). The cytotoxicity of the responder cells
against uninfected syngeneic concanavalin A blasts
was <15% and was omitted for clarity.

29. J. Hu-Li, J. Ohara, C. Watyson, W. Tsang, W. E.
Paul, J. Immunol. 142, 800 (1989).

30. We thank T. A. Dean and R. Germain for excellent
assistance; M. Sztein for cell sorting; C. Via for the
CT.48 cellline; P. Matzinger and A. O’Garra for shar-
ing their unpublished data; and G. Kelsoe for critically
reading the manuscript. Supported by grants from
the Medical Research Service, Department of Veter-
ans Affairs, and by the Bressler Research Fund, Uni-
versity of Maryland at Baltimore (to M.S.).

28 November 1995; accepted 27 February 1996

Induction of T,1 and T;2 Immunity
in Neonatal Mice

Thomas Forsthuber, Hualin C. Yip, Paul V. Lehmann*

The neonatal period has been thought of as a window in ontogeny, during which the
developing immune system is particularly susceptible to tolerization. In the present study,
the classic system for induction of neonatal tolerance to protein antigens was reexamined
in mice. The presumably tolerogenic protocol was found to trigger a vigorous T helper cell
type 2 (T,,2) immune response. Thus, neonatal ‘‘tolerization” induces immune deviation,
not tolerance in the immunological sense. Neonates are not immune privileged but
generate T,,2 or T,,1 responses, depending on the mode of immunization.

Dizygotic twin cattle, which share a pla-
cental blood supply during gestation, have
erythrocytes of both their own and their
twin’s genotype, that is, these cattle do
not reject the allogenic cells to which they
were exposed early in life (I). On the basis
of this observation, reported in 1945, the
neonatal period was postulated to repre-
sent a critical window in ontogeny, during
which the developing immune system
learns to discriminate self from nonself by
developing a tolerance to antigens it en-
counters (2). This hypothesis has defined
immunological thinking ever since and
has been supported by subsequent experi-
ments (3-5).

The mechanism underlying neonatal
tolerance has remained controversial. Pro-
posed mechanisms include suppressor cell
development (6) and the clonal deletion of
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antigen-reactive T cells (7). Because these
two models conflict, with suppression rep-
resenting an active tolerance mechanism
and clonal deletion a passive one, we revis-
ited the neonatal tolerance paradigm.

We followed the classic protocol for in-
ducing neonatal tolerance to protein anti-
gens, injecting the protein into mice within
24 hours of birth in incomplete Freund’s
adjuvant (IFA) intraperitoneally (i.p.) (5), a
regimen that is considered to be tolerogenic
in adults as well (8, 9). When they reached
adult age, the mice were reinjected with the
antigen in complete Freund’s adjuvant
(CFA) subcutaneously (s.c.). Mice injected
neonatally with hen egg lysozyme (HEL)
displayed an impaired response in the lymph
nodes (LN) that has been considered a hall-
mark of tolerization (10) (Fig. 1A). Howev-
er, the spleen cells of these mice proliferated
vigorously in response to HEL, even when
HEL was not reinjected at the adult age (Fig.
1B). Because of technical limitations, earlier
studies were confined to LN responses;
splenic recall responses to protein antigens



have only recently become measurable (11).
Thus, neonatal injection did not tolerize, as
previous studies suggested, but induced func-
tional memory cells that were detectable in
the spleen but not in the LN.

The accumulation of memory cells in
spleens rather than LN of neonatally inject-
ed mice might be attributed to normal mi-
gration patterns of lymphocytes. Memory T
cells down-regulate their LN homing recep-
tor, L-selectin (12), and subsequently do
not home efficiently to the LN (13). In
contrast, T cell migration to the spleen does
not rely on L-selectin (14). We found that
the recall response in the spleens of neona-
tally injected mice resided in the L-selec-
tin—negative fraction of CD4* lymphocytes
(15), which strongly supports the notion
that the impaired LN response of these
mice results from the redistribution of mem-
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Fig. 1. Mice injected neonatally with HEL-IFA,
when immunized with HEL-CFA as adults, dis-
play an impaired LN but increased spleen cell
response. Mice injected neonatally with HEL-IFA
(24) or left untreated were challenged at 6 weeks
of age, s.c., with 50 ug of HEL-CFA or left un-
treated, as indicated. Nine days after the adult
injection, a T cell proliferation assay was per-
formed on draining LN (A) or spleens (B) (24).
The proliferative response to HEL is shown, ex-
pressed as stimulation index (SI). Each dot rep-
resents data from an individual mouse. The me-
dium background was between 200 and 3000
cpm in all measurements. Responses of S| > 3
are considered significant (indicated by a
dashed line). The tolerized-immunized mice and
the naive group showed a comparable primary
response to purified protein derivate of Myco-
bacterium tuberculosis (15). The results were re-
produced in three independent experiments (70,
11, 16).

ory cells, and not from clonal deletion or
suppression, as this finding has been inter-
preted (16).

Neonatal injection of antigen not only
primed T cells for a secondary in vitro re-
sponse, it also resulted in the production of
antibody in vivo. Eight-week-old, neonatal-
ly injected mice contained low but detect-
able concentrations of specific antibodies
(Fig. 2A). These antibodies were of the im-
munoglobulin G1 (IgG1) subclass (Fig. 2, B
to D). When reinjected with soluble HEL (a
protocol that is not immunogenic to najve
mice, but that boosts an established immune
response), these mice mounted a vigorous
secondary antibody response that again con-
sisted almost entirely of [gG1 (Fig. 2, A to
C). IgG1 production is characteristic of a
secondary, T cell-dependent response (17);
therefore, neonatal injection primed the im-
mune system for functional antigen-specific
T and B cell memory.

Because the anti-HEL response of neo-
natally injected mice was dominated by T

- helper type 2 (Ty42)—dependent [gG1 (17),

we looked for other evidence that the neo-
natally induced T cells are of a T};2 pheno-
type. When freshly isolated spleen cells of
mice injected neonatally with HEL-IFA or
myelin basic protein (MBP)-IFA were test-
ed with an enzyme-linked immunosorbent
(ELI) spot assay for cytokine production to
the recall antigen, interleukin-5 (IL-5) but
no interferon v (IFN-vy) was detected (Ta-
ble 1) (18). In contrast, adult mice immu-
nized with HEL or MBP in CFA produced
IFN-v, but virtually no IL-5 (Table 1), con-
sistent with the induction of a Tyl re-
sponse. The unipolar Ty;1 or T2 cytokine
pattern was seen in both Ty2-biased
BALB/c and in Tyl-biased BI0.PL mice
(Table 1). The ELI spot assay detects indi-
vidual cytokine-producing cells; thus, the
clonal size of antigen-specific memory T
cells generated after neonatal injection of
the antigen in IFA was comparable to that

§ REPORTS

seen after adult injection of the antigen in
CFA, yet entails T2 rather than Tyl
memory cells.

Neither the neonate nor the adult are
limited to a particular class of response.
Immunization of the Ty;2-biased BALB/c
mice with HEL in CFA induced unipolar
Tyl immunity, independent of the age of
mice or the route of injection (Table 1). At
either age, BALB/c and the Tyl-biased
B10.PL mice developed unipolar T};2 im-
munity in response to injection of antigen
with IFA. Thus, not the age the of mice but
the adjuvant determines whether Tyl or
T2 type immunity develops. Apparently,
the polarizing properties of CFA and IFA
override the genetic bias of mice for one or
the other class of T cell response, as seen
after parasitic infections (19).

Injection of the autoantigen MBP in
IFA, into either neonates or adults, pre-
vents the subsequent development of the
Ty! cell-mediated autoimmune disease ex-
perimental  allergic  encephalomyelitis
(EAE) (5, 20). In light of our data, this
IFA-induced neonatal or adult “tolerance”
to EAE development might result from
Ty2-type immune deviation (21), not from
tolerance in the immunological sense. Neo-
natal transplantation tolerance has also
been linked to alloantigen-specific T};2 im-
munity (22). However, unlike IFA-induced
“tolerance,” induction of transplantation
tolerance is confined to the neonatal period
and to certain donor-recipient strain com-
binations. The two tolerance models might
behave differently because of the dissimilar
preimmune T cell repertoires involved (23).

The T2 model of IFA-induced neona-
tal (or adult) tolerance to protein antigens
that we propose here incorporates the data
on which the two previous models were
based. First, induction of T2 type immu-
nity is consistent with the observations that
this state of “tolerance” is active, that is,
adoptively transferable, which has substan-

Table 1. Neonates were injected within 24 hours of birth, then tested at 6 weeks of age. Adults were
injected at 6 weeks of age, then tested 21 days later. All mice received a single injection of 100 pg

of antigen.
Recall response* (cytokine ELI spots per 108 spleen cells)
Mouse
strain Injection Route IFN-vy IL-5
and age :
HEL MBP HEL MBP

BALB/c

Neonate HEL-IFA i.p. <5 <5 31.8+79 <5

Neonate HEL-CFA i.p. 37.8 = 15.1 <5 <5 <5

Adult HEL-IFA i.p. <5 <5 38.3 = 12.1 <5

Adult HEL-CFA i.p. 51.4 +19.9 <5 <5 <5

Adult HEL-CFA s.C. 49.3 = 20.5 <5 <5 <5
B10.PL

Neonate  MBP-IFA i.p. <5 <5 <5 35.6 = 15.3

Adult MBP-CFA i.p. <5 73.7 £28.5 <5 <5

*Data are expressed as an arithmetic mean = SEM of 9 to 12 spleens independently tested in three experiments.
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Fig. 2. (A to D) Mice inject-

ed neonatally with HEL in
IFA produce specific anti-
body and mount a sec-
ondary antibody response
when reinjected with HEL
at adult age. The un-
boosted, neonatally inject-
ed group was tested at 8
weeks of age. The groups
neonatally injected with
HEL-IFA (24) and the naive
groups were injected i.p.
at 6 weeks of age with 50
wg of HEL in saline as in-
dicated. The HEL-CFA-
immunized group was in-
jected at 6 weeks, s.c.

0.5

Two weeks after the adult injection, mice were bled, and the titer of anti-
bodies to HEL was measured by enzyme-linked immunosorbent assay (25).
Absorbance (A) was measured at 405 nm. The titrations shown started with

tiated the suppressor cell model. Second, by
showing that the CD4* cells primed in
neonates are deficient in their migration to
the LN, we have accounted for the data
(derived from studies involving only the LN
response) that substantiated the clonal de-
letion model of IFA-induced tolerance.

Thus, neonates are immunocompetent,
and their CD4" T cell response to proto-
typic antigens does not essentially differ
from that of adult mice. Therefore, the
neonatal period may not be an immuno-
logically privileged window in ontogeny
that is more essential to the establishment
of self-tolerance than later periods of life,
but an immunologically normal period
that can be exploited both to vaccinate
and to tolerize. Having identified an im-
munization regimen that induces vigorous,
unipolar T};2-type immunity, our data can
potentially be applied to vaccine develop-
ment and the therapy of Tyl cell-medi-
ated autoimmune disease.
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1:500 serum dilutions, progressing in steps of 1:3. Data obtained for one
mouse of each group are shown, representative of groups of three to five
mice tested in three experiments.
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Mice (Jackson Laboratory) were bred under special
pathogen-free conditions. Neonates were injected
i.p. within 24 hours of birth with antigen (100 ng) in
IFA. Mice were killed at the age specified and their LN
or spleen cells were tested for the antigen- or pep-
tide-induced proliferative response in a primary in
vitro assay. Single cell suspensions were plated, 1 X
108 spleen cells or 5 X 105 LN cells per well, in flat
bottom 96-well microtiter plates. Cells were cultured
for 4 days with 7 wM antigen or peptide in 200 wl of
serum-free HL-1 medium (Ventrex) supplemented
with 1 mM L-glutamine. During the last 18 hours of
culture, [BHJthymidine was added (1 nCi per well),
and the incorporation of label was measured by lig-
uid scintillation counting.

Plates were coated with HEL (10 pg/ml) overnight at
4°C, and 0.1% gelatin in phosphate-buffered saline
with Tween 20 was used for subsequent blocking.
The test serum was added, and then the plates were
incubated for 2-hours at room temperature. Plate-
bound antibody was detected by alkaline phospha-
tase—coupled antibody to mouse Ig. For detection of
total Ig, affinity-purified goat antbody to mouse
I9G+A+M (H+L) from Zymed was used; the isotype-
specific antibodies for detection of IgG1 and IgG2a
were from Southern Biotech Associates and IgM was
from Sigma. Para-nitrophenyl phosphate was used
for the development of the colorimetric reaction.
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