
d e l e t ~ o n  (24) ,  because clonal deletion of 
pCTL was not  observed in mice infected 
a t  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 deterlnines the  development 
of type 1 or type 2 responses and influenc- 
es t h e  generation of protective immunity. 
Thus,  T cells 111 newborn mice, like those 
in  adults, may be activated to  either type 
of response by the  appropriate antlgen- 
presenting cells (26) ,  costilnulatory signals 
(27) ,  and dose of antigen ( F ~ g s .  I and 3) 
(18) .  
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Induction of TH1 and TH2 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 TH2 or TH1 responses, depending on the mode of immunization. 

Disygo t i c  twin cattle, which share a pla- 
cental blood supply during gestation, have 
ervthrocvtes of both  their own and their 
twin's genotype, that  is, these cattle do  
no t  reject the  allogenic cells to  which they 
were exposed early in life (1 ) .  O n  the  basis 
of this observation, reported in  1945, the  
neonatal period was postulated to  repre- 
sent a critical window in  ontogeny, during 
w h ~ c h  the  developing immune system 
learns to  discriminate self from nonself by 
developing a tolerance to  antigens it en-  
counters ( 2 ) .  This  hypothesis has d e f ~ n e d  
immunological thinking ever since and  
has been supported by subsequent experi- 
ments (3-5). . . 

T h e  mechanism underlying neonatal 
tolerance has remained controversial. Pro- 
posed mechanisms include suppressor cell 
development (6 )  and the  clonal deletion of 
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antiee11-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. 

W e  followed the classic protocol for ill- 
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). W h e n  thev reached . . 
adult age, the mice were reinjected with the 
antigen in complete Freund's adjuvant 
(CFA) subcutaneously ( s . ~ . ) .  Ivlice 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 s ~ l e e n  cells of these mice ~roliferated 
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 
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have onlv recently become measurable 11 1). 
T~ILIS, neonatal illjection did not tolerize, as 
previous studies suggested, but induced ~LIIIC- 

tional memory cells that were detectable in 
the spleen but not in the LN. 

The accumulation of melnorv cells in 
spleens rather than LN of neonatdly inject- 
ed mice lnieht be attributed to normal mi- - 
gration patterns of lymphocytes. Memory T 
cells dowr-regulate their LN homing recep- 
tor, L-selectin (12), and subsequently do 
not home efficientlv to the LN 11 3 ) .  In 
contrast, T cell migratioIl to the spleen does 
not rely on L-sdectin (14). We found that 
the recall respoilse 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- 

4 Lymph nodes 

Neonatal HEL-IFA - + + - 
Adult HEL-CFA - - + +  

Fig. 1. M~ce injected neonatally w~th HEL-IFA, 
when immun~zed w~th HEL-CFA as adults, d ~ s -  
play an Impaired L N  but increased spleen cell 
response. Mice injected neonatally with HEL-IFA 
(24) or left untreated were challenged at 6 weeks 
of age, s.c., w~th 50 pg of HEL-CFA or left un- 
treated. as Indicated. N~ne days after the adult 
injection, a T cell proliferation assay was per- 
formed on drain~ng LN (A) or spleens (B) (24). 
The proliferatve response to HEL IS shown, ex- 
pressed as stimulat~on ndex (SI). Each dot rep- 
resents data from an ndividua mouse. The me- 
d~um background was between 200 and 3000 
cpm in all measurements. Responses of SI > 3 
are considered signif~cant (indicated by a 
dashed line). The tolerized-immunized mice and 
the nave group showed a comparable primary 
response to purif~ed proten der~vate of Myco- 
bacter~um tuberculosis (15). The results were re- 
produced n three independent experiments (70, 
I I ,  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 G I  (IgGl)  subclass (Fig. 2,  B 
to D). When reinjected with soluble HEL (a 
protocol that is not immunogenic to na?ve 
mice, but that boosts an established immune 
response), these mice mounted a vigorous 
secondary antibody response that again con- 
s~sted allnost entirely of IgGl (Fig. 2, A to 
C ) .  IgGl production is characteristic of a 
secondary, T cell-dependent response (1 7); 
therefore, neonatal inject~on primed the im- 
mune system for functional antigen-speciflc 
T and B cell memory. 

Because the anti-HEL response of neo- 
natally injected mice was dominated by T 
helper type 2 (TH2)-dependent IgGl (1 7), 
we looked for other evidence that the neo- 
natally induced T cells are of a TH2 pheno- 
type. When freshly isolated spleen cells of 
mice injected neonatally with HEL-IFA or 
nlyelin basic protein (Iv1BP)-IFA were test- 
ed with a n  enzyme-linked i~nmunosorbent 
(ELI) spot assay for cytokine production to 
the recall antigen, interleukin-5 (IL-5) but 
no interferon y (IFN-y) was detected (Ta- 
ble 1) (18). In contrast, adult mice immu- 
nized with HEL or IvIBP in CFA produced 
IFN-y, but virtually 110 IL-5 (Table I ) ,  con- 
sistent with the induction of a TH1 re- 
sponse. The  unipolar TH1 or T,2 cytokine 
pattern was seen in both TH2-biased 
BALB/c and in TH1-biased B1O.PL mice 
(Table 1 ) .  The ELI spot assay detects indl- 
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 

seen after adult injection of the antigen in 
CFA, yet entails TH2 rather than TH1 
memory cells. 

Neither the neonate nor the adult are 
limited to a particular class of response. 
Immunization of the Tp:2-biased BALB/c 
mice with HEL in CFA induced unipolar 
THl immunity, independent of the age of 
mice or the route of injection (Table 1).  A t  
either age, BALB/c and the TH1-biased 
B1O.PL mice developed unipolar TH2 im- 
munity in response to injection of antigen 
with IFA. Thus, not the age the of n ice  but 
the adjuvant determines whether TH1 or 
TH2 type immunity develops. Apparently, 
the polarizing properties of CFA and IFA 
overr~de the genetic bias of mice for one or 
the other class of T cell response, as seen 
after parasitic infections (19). 

Injectloll of the autoantigen MBP in 
IFA. into either neonates or adults. ore- , L 

venis the subsequent develop~nent of the 
T,-,l cell-mediated autoim~nune disease ex- n 

peri~nental allergic encephalomyelitis 
(EAE) (5, 20). In light of our data, this 
IFA-induced neonatal or adult "tolerance" 
to EAE developlnent might result from 
TH2-type immune deviation (21 ), not from 
tolerance in the immunological sense. Neo- 
natal transnlantation tolerance has also 
been linked to alloantigen-specific TH2 im- 
munitv 122). However, ilnlike IFA-induced , .  , 

"tolerance," induction of transplantation 
tolerance is confined to the neonatal ~ e r i o d  
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 TF12 model of IFA-induced neona- 
tal (or a d ~ ~ l t )  tolerance to protein antigens 
that we propose here incorporates the data 
on which the two previous models were 
based. First, induction of TF12 type Immu- 
nity is consistent with the observations that 
this state of "tolerance" is active. that is. 
adoptively transferable, whlch has substan- 

Table 1. Neonates were injected w~thn 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 sngle Injection of 100 kg 
of antigen. 

Recall response* (cytok~ne ELI spots per 1 Ob spleen cells) 
Mouse 
stran lnjecton Route IFN-y IL-5 

and age 
HEL MBP HEL MBP 

BALB/c 
Neonate HEL-IFA 1.p. <5 < 5 31.8 2 7.9 1 5  
Neonate HEL-CFA 1.p. 37.8 + 15.1 1 5  <5 < 5 
Adult HEL-IFA 1.p. 1 5  <5 38.3 t 12.1 < 5 
Adult HEL-CFA i.p. 51.4 ? 19.9 <5 <5 1 5  
Adult HEL-CFA s.c. 49.3 i 20.5 <5 < 5 <5 

BlO.PL 
Neonate MBP-IFA 1.p. <5 < 5 <5 35.6 ? 15.3 
Adult MBP-CFA 1.p. 1 5  73.7 i 28.5 <5 1 5  

'Data are expressed as an ar~thmet~c mean 1 SEM of 9 to 12 spleens independently tested n three experments. 
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Fig. 2. (A to D) Mice Inject- A B c D 
ed neonatally with HEL in Antigen njections 

IFA produce speclflc antl- -- Neonatal A ~ U I ~  

body and mount a sec- -0.- none none 

ondary antbody response 0 HEL-IFA none 
a- HEL-IFA HEL-NaCI 

when renjected with HEL ..i.. none HEL-N~CI 

at adult age. The un-  " -D- none HEL-CFA 

boosted, neonatally inject- $ 
ed group was tested at 8 
weeks of age. The groups 
neonatally injected w~th 
HEL-IFA (24) and the naive 
groups were Injected .p .  
at 6 weeks of age with 50 
kg of HEL in saline as in- 
dicated. The HEL-CFA- - 
immunized group was in- 
jected at 6 weeks, s . ~ .  Serum dilutions 

Two weeks after the adult inject~on, mice were bled, and the titer of anti- 1 : 500 serum dilutions, progressing in steps of 1 : 3. Data obtained for one 
bodies to H E L  was measured by enzyme-linked immunosorbent assay (251, mouse of each group are shown, representative of groups of three to five 
Absorbance (A) was measured at 405 nm. The titrations shown started with mice tested in three experiments. 

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 a n  immuno- 
logically ~rivi leged window in ontogeny 
that is more essential to the establishment 
of self-tolerance than later periods of life, 
but an immunolo~icallv normal ueriod 
that can be exploged both to vaccinate 
and to tolerize. Havine identified an irn- 
munization regimen that induces vigorous, 
unipolar THZ-type immunity, our data can 
potentially he applied to vaccine develop- 
ment and the therapy of TH1 cell-medi- 
ated autoimmune disease. 
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The notion that the neonate IS Immune priv~leged 
or~ginated from experiments on transpantaton tol- 
erance (1, 3). Because the specif~city spectrum of the 
aloreactve T cell reperto~re is very broad, -5096 of 
the preimmune repertoire will consist of memory 
cells In the adult. In neonates, where all T cells are 
naive, the preimmune alloreactive reperto~re will con- 
sist exclusively of na'be cells. Unlike naive T cells, 
memory T cells are not read~ly toerizable and are 
committed with respect to TH1 or TH2 lineage. Thus. 
unke that of the neonate, the preimmune aoreac- 
tive repertoire of the adult entas a large number of 
precommtted TH1 cells. A regimen that would in- 
duce a TH2 aloresponse in a na'Me T cell pool (neo- 
nate) will boost a substantial number of TH1 cells in 
the adult, In contrast, the preimmune repertoire to 
protein antigens consists of naive T cells in the adult 
and the neonate alike, which results in unbiased T,1 
or TH2 development. 
Mice (Jackson Laboratory) were bred under special 
pathogen-free cond~tions. Neonates were injected 
1.p. within 24 hours of birth with antlgen ( I  00 pg) In 
FA. 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 
10" spleen cells or 5 x 1 0 V N  cells per well, in flat 
bottom 96-well microtiter plates. Cells were cultured 
for 4 days with 7 pM antigen or peptide In 200 p,l of 
serum-free HL-1 medium (Ventrex) supplemented 
with 1 mM L-gutamine. During the last 18 hours of 
culture, [3H]thymidine was added (1 p,Ci per well), 
and the incorporat~on of label was measured by iq- 
uid sc~ntilation counting. 
Plates were coated with HEL ( I0  p,g/ml) overnght at 
4OC, and 0.196 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 g .  For detection of 
total g ,  aff~n~ty-purif~ed goat ant~body to mouse 
gG+A+M (H+L) from Zymed was used; the   so type- 
specific antibodies for detection of lgGl and gG2a 
were from Southern Biotech Associates and IgM was 
from S~gma. Para-nitropheny phosphate was used 
for the development of the colorimetric reaction. 
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