
meters as the dose of antigen (30), the type 
of adjuvant (3 1 ), 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 bv the conditions under u,hich 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. 

I n  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 f~mction (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 hy 11 to 20 days postpartum (4). 
Infection of lleonatal N F S D  mice (Fv- 

I"", H-2"q with Cas-Br-M murine leulte- 
rnia virus (Cas) [I000 plaque-forming units 
(PFU) per mouse] (5) results in rapid virus 
replication, detectable (6)  in the spleen 
( l o 4  to lo6 PFU/g) and brain (10' to 10" 
PFU/g) within 2 weelts 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 nutnber of T cells per spleen 
is 3 to 3.5 log units lower in neonates than 
in adult mice (1 1 ), we tested u,hether inoc- 
ulation of newborn mice with a dose of Cas 
proportional to their splenic T cell number 
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would induce a CTL response comparable 
to that seen in 21-day-old mice, or whether 
neu,born mice m7ere intrinsically incapable 
of developing protective itnmunity. De- 
creasing doses of infectious Cas were used to 
inoculate groups of neonatal N F S D  mice. 
These mice were tested at 4 to 6 weeks of 
age for cytotoxicity to a Cas-infected, B- 
lineage lymphoma line (NS467) (8 )  after in 
vitro restirnulation with Cas-infected cells. 

Inoc~llation of neonatal mice with Cas 
resulted in the induction of CTL responses 
that \liere inversely correlated to viral dose 
(Fig. 1) .  The highest frecluency of CTL 
responders was seen in cohorts inoculated 
with 0.3 PFU (70.4%; 19/27) and 1 PFU 
(61.5%; 8/13) of Cas, whereas no respond- 
ers were found at the higher dose of 1000 
PFU (0142). The  CTLs were antigen-specif- 
ic, as determined by tests with syngeneic 
N F S D  target cells infected with the Friend 
lnurine leukemia virus (TP-3) (12), alloge- 
neic target cells (EL-4, H-2"), and natural 
killer-sensitive target cells (YAC-1) (1 3) .  
These results indicated that a CTL response 
could be reliably induced in newborn mice, 
provided that the dose of Cas was 11 PFU 
per mouse. The dose of 0.3 PFU of Cas was 
used for further characterization of the CTL 
response. 

The  CTL response of newhorn mice to 
low-dose infection, like that of mice in- 
fected at 21 days of age ( 8 ,  14) ,  was me- 
diated by CD8+ T cells. The  phenotype of 
the cytotoxic cells was determined hy flow 
cytotnetric sorting (15) .  T h e  cytotoxic re- 
sponse of splenocytes from neonatally in- 
oculated mice was first detectable 10 to 15 

days after infection and persisted for a t  
least 28 weeks (16) ,  which demonstrated 
long-lasting CTL memory. Induction of 
CTL responses to Cas in adult mice also 
requires 10 to 15 days (8) .  This suggests 
that CTL responses detected 2 weeks after 
neonatal inoc~llation resulted from the 
priming of neu~borns rather than from de- 
layed activation hy lingering virus in more 
mature mice. 

The ability of splenocytes from mice in- 
oculated at birth with Cas to protect neo- 
natal N F S D  mice from Cas-induced dis- 
ease was shown in vivo in adoptive transfer 
experiments (8,  17). Newborn mice re- 
ceived 5 x 106 lymphocytes from donor 
mice that had been inoculated at birth with 
0.3 PFU of Cas. After 24 hours, these re- 
cipients were injected with a neuropatho- 
genic dose of Cas (1000 PFU) (Fig. 2). Of 
the mice that received neonatally primed 
lymphocytes, 94% (15116) were protected 
from Cas-induced disease, a result similar to 
that for mice that received adult primed 
lymphocytes, whereas neurologic disease 
developed in 100°/o (616) of mice that were 
given unprimed lymphocytes. 

High doses of antigen preferentially 
stimulate type 2 cytokine responses [elic- 
iting interleukin-4 (IL-4), IL-5, and IL-10 
and promoting hurnoral immunity], 
whereas low doses of antigen i n d ~ ~ c e  type 1 
cytokine responses [eliciting IL-2, IFN-y, 
and tumor necrosis factor-a (TNF-a)  and 
promoting cell-mediated i ~ n ~ n ~ ~ n i t y ]  (1 8 ,  
19). In addition, enhanced type 2 and 
diminished type 1 responses are associated 
with neonatal tolerance to alloantigens 

Fig. 1. noculat~on of newborn mice with low-dose 2. 

Cas nduces a CTL response. Splenocytes from g 8o I 
NFS/N mce (Fvl - " .  H-ZSg4) Injected intrapertone- ; 
ally at 2 days of age wlth a single dose of Cas (0.3. 5 60 :: 
I ,  10, 100. or 1000 PFU per mouse) or with me- 5 
dium (C, control) were taken 4 to 6 weeks after 0 T ;. 

*2 . - 
infection restimulated in t o  2 and t e e d  for 5 .I] + : A 4% 
cytotoxicity against 5'Cr-labeled NS467 cells in a o off.* 6 A ! * .A 
4-hour "Cr release assay at an E n  ratio of 20: 1 .  

C 0.3 1 10 100 1000 
Each dot represents the percent cytotox~city of an 
individual mouse. The horizontal lines represent Virus dose (PFU per mouse) 

the mean percent cytotoxicty for each group. CTL responders are mice with percent cytotoxicty 2 SDs 
above the mean percent cytotoxic~ty of sham-inoculated mice. 

Fig. 2. Immune splenocytes from mice inoculated with 

"O0I 

.-A A 

low-dose Cas are protective. Splenocytes taken from _ 
adult mice injected at birth with 0.3 PFU of Cas (0; n = E m  ,,,, . . A A A A .-A-A 

16) or at 21 days of age wlith 1000 PFU of Cas (A: n = 7), 
cocultured in v~tro w~th rrad~ated NS467 cells. were In- 2 % A.. A A-i 

jected ~ntraperitoneay nto 1 -day-dd mlce as were Fq 6 0  i ' 
splenocytes from control mce cultured with medum (A, 0 .o A 

n = 6). Rec~pient rnce were then Injected ~11th Cas (1 000 0 . 4 0 '  

PFU) 24 hours later on the opposte s ~ d e  of the abdomen. 7 2 I 

E e g n n  4 weeks a ~nfecton, mice were motored ; o , 2 0  c, - 
weekly for evidence of tremor, weakness, and hnd limb 
paralyss (7, 8). Parallel results were obtained wlth donor . : A * &.'. 

3-C 0-0-C 3 3 0 3 3-0-3 3 

0 0 0  7 - - : & -  

*&.^A 4 A .̂t ̂ .^.A 4 L 

splenocytes from the same groups of mice, without In 7 1 4  2 1 2 8 

\~itro resllmulation. Weeks after infection 

and prolonged skin graft survival (20) .  LVe 
therefore investigated u,hether inocula- 
tion of newborn mice m'ith a high dose of 
Cas (1000 PFU) resulted in a type 2 cyto- 
ltine response. Production of IL-4 was used 
as an indicator of a type 2 response, and 
IFN-y production was ~lsed as an indicator 
of a type 1 response (19-21). Splellocytes 
from adult mice infected at hirth with a 
high dose of Cas produced substantial 
amounts of IL-4 but not IFN-y when cul- 
tured in vitro (Fig. 3 )  (22) .  Conversely, 
inoculation of lleollatal mice with a low 
dose of Cas resulted in the production of 
IFN-y but not IL-4 in culture; this re- 
sponse was sitnilar to that of mice infected 
as adults with 1000 PFU of Cas (Fig. 3 ) .  

Our results show that inoculation of 
ne\vborn mice with a high dose of Cas 
does not result in itn~nullolooical nonre- " 
sponsiveness but leads to the induction of 
a nonprotective type 2 response (21 ). This 
response is likely to have a negatix-e effect 
on  the recruitment of CD8+ CTL precur- 
sors (pCTL) into mature effector cells in 
vi1-o (23) ,  but it does not result in CTL 

0 -L- t 

Newborn Newborn Adult C 
1000 PFU 0.3 PFU 1000 PFU 

Fig. 3. L-4 is produced by mice infected with a 
high dose of Cas at birth. Splenocytes from adult 
mice inoculated at 2 days of age [newborn, 1000 
PFU, 0.3 PFU, or medium (C)] or at 21 days of 
age (adult. 1000 PFU) were cultured with irradi- 
ated NS467 cells. In (A). culture supernatants 
(day 3) were tested for IL-4 activ~ty wlith the 
CT.4S prol~ferat~on assay (29); In (B), they were 
tested for FN-y actv~ty w~th a standard plaque 
reducton assay (9). The IFN samples were fully 
neutral~zed by F N - r  monoclonal ant~body treat- 
ment (9). L-4 or FN-y actlvty was not detected 
in the supernatants of the irrad~ated stimulator 
cells cultured alone. Dots represent lndiv~dual 
mice: horizontal Ines represent mean values for 
each group. 
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deletion (24) ,  hecause clonal deletion of 
pCTL was not ohserved in Inice infected 
at birth u,ith a high dose of Cas (25). Our 
data indicate that the dose of virus en- 
countered hy the immune system of a new- 
horn 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 hy the appropriate antigen- 
presenting cells (26) ,  costirnulatory signals 
(27) ,  and dose of antigen (Figs. 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. 

Disygotic  twill 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 
not 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, duri~lg 
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 
imm~~nological  thinking ever since and 
has been supported by subsequent experi- 
ments (3-5). . . 

The mechanism ~~nderlying neonatal 
tolerance has remained controversial. Pro- 
posed mechanisms include suppressor cell 
development (6)  and the clonal deletion of 
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a11tiee11-reactive T cells (7 ) .  Because these - . . 
two models conflict, with suppression rep- 
resenting an active tolerance mecha~lism 
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 he tolerogenic 
in adults as well (8 ,  9). When thev reached . . 
adult age, the mice were reinjected with the 
antigen in complete Freund's adjuvant 
(CFA) suhcutaneo~~sly ( s . ~ . ) .  Ivlice injected 
neonatally with he11 egg lysozyme (HEL) 
displayed an impaired response in the lymph 
nodes (LN) that has been considered a hall- 
mark of tolerization (10) (Fig. ZA). 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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