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tion in promoting T cell proliferation in re- 
sponse to TCR and IL-2 activation. IL-2 re- 
ceptor expression is not altered, and the T 
cells are able to produce cytokines in these 
STATSAIB double knockout mice (18). It is 
possible that the TCR needs to directly acti- 
vate STAT5 to induce some expression of 
immediate early genes, such as the CD69 
gene, which has a role in T cell proliferation 
(19). Thus, our results suggest a route of TCR 
signaling in which STAT5 is directly activat- 
ed and may contribute to early gene regula- 
tion and T cell proliferation. 
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CDl d-Restricted 
lrnmunoglobulin G Formation to 

GPI-Anchored Antigens 
Mediated by NKT Cells 
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lrnmunoglobulin G (IgG) responses require major histocompatibility complex 
(MHC)-restricted recognition of peptide fragments by conventional CD4+ 
helper T cells. lrnmunoglobulin G responses to  glycosylphosphatidylinositol (GPI)- 
anchored protein antigens, however, were found t o  be regulated in part through 
CDld-restricted recognition of the GPI moiety by thymus-dependent, interleukin- 
4-producing CD4+, natural killer cell antigen 1.1 [(NKl.l)+] helper T cells. The 
CDI-NKT cell pathway regulated immunogobulin G responses t o  the GPI-anchored 
surface antigens of Plasmodium and Trypanosoma and may be a general mechanism 
for rapid, MHC-unrestricted antibody responses t o  diverse pathogens. 

NKT cells are unusual CD4+, NKl.  1 + lym- 
phocytes (I) that produce interleukin-4 (IL-4) 
rapidly in response to T cell receptor (TCR) 
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ligation (2). These cells have a skewed VmVP 
TCR repertoire (Va14 and VP8 in mice) (3), 
suggesting that they are positively selected 
by a limited range of ligands. Murine NKT 
cells are positively selected by cortical thymo- 
cytes expressing the non-MHC-encoded but 
MHC class I-like molecule CDld (1). The 
related human CDlb and CDlc molecules 
can elicit cytolytic and interferon-y responses 
by presenting mycobacterial glycolipid anti- 
gens to CD8+ or CD4-CD8- T cells (4). 
Murine Vm14+ NKT cells recognize synthet- 
ic a-galactosylceramide in the context of 
CDld (5 ) ,  and murine CDld in transfected 
human T2 cells associates with phosphatidyl- 
inositol (PI)-containing compounds that may 
be GPIs (6). Therefore, CD4+ NKT cells 
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may participate in CDld-restricted recogni- unclear. The present study was initiated to 
tion of lipid antigens. However, the natural test the assumption of MHC restriction of 
ligand and functional significance of NKT immunoglobulin G (IgG) responses to the 
cells in immune responses in vivo remains GPI-anchored surface antigens of important 

Fig. 1. Diagrammatical represen- 
tation of CPI structures used in 
this study. Purification and com- 
positional analyses are as de- 
scribed (12-14). (A) COOH-ter- 
minal CPls from T. brucei and P. 
falciparum. Boxed areas repre- 
sent modifications found in 
PfCPI. The cleavage site of 
mfVSC by phosphatidylinositol- 
specific phospholipase C (PI-PLC) 
is indicated: (B) Free iM2, iM4, 
and EP-iM4 CPls of L. mexicana. 
Nomenclature is as described 
(14), where all isomers contain 
one mannose in a l - 3  linkage, EP 
indicates ethanolamine phos- 
phate, and M2 and M4  indicate 
the number of mannose resi- 
dues, as shown. (C) Chemically 
synthesized rat brain Thy-I CPI. 
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Fig. 2. Response of peripheral NKT cells t o  purified CPls in vitro. (A) As determined by forward 
(FSC) and side (SSC) light scatter, splenocytes from SPZ-primed class II-'- donors proliferate 
within 48 hours exposure t o  PfCPl (unshaded) compared with medium controls (shaded). The 
responding cells are NK l . l f ,  CD4+ and include a Vm14+, CD4+ subset (25). (B) Splenocytes from 
class II-/- donors were exposed t o  various antigens, and [3H]TdR incorporation was determined 
after 4 days. Other cultures were exposed t o  PfCPl or Thy-I CPI for 4 days, washed, and cultured 
in IL-2 (10 Ulml) for 2 days, followed by replating wi th irradiated wild-type APCs and restimulation 
with either PfCPl or Thy-I CPI for 48 hours. IL-4 levels in the supernatant were determined by 
capture ELISA. 

protozoal pathogens. We have found instead 
that several such responses are controlled in 
part by CDld-restricted recognition of GPI 
moieties by CD4+ NKT cells. 

T cell-dependent IgG responses to pro- 
tein antigens are thought to be exclusively 
MHC class 11-restricted. However, allogene- 
ic bone-marrow irradiation chimeras were 
similar to syngeneic controls in responding to 
malaria sporozoites (SPZs) with IgG to the 
circumsporozoite (CS) protein, despite being 
unable to respond to the nominal protein 
antigens tetanus toxoid (TT) or a full-length 
recombinant Plasmodium falciparum CS pro- 
tein (recCS) (7). Nude mice cannot respond 
to SPZs with anti-CS IgG, and passive trans- 
fer of depleting antibodies to CD4 into eu- 
thymic animals abolishes the anti-CS re- 
sponse to SPZs (8) .  However, nude mice 
engrafted with irradiated neonatal allogeneic 
thymi mounted anti-CS IgG responses to 
SPZs similar to those of recipients of synge- 
neic thymi, but did not respond to recCS or 
TT (7). Mice lacking both class I1 and class 
11-restricted CD4+ T cells, and that are un- 
able to respond to T-dependent antigens (9),  
produced anti-CS IgG (mean log, reciprocal 
titer of 10) in response to SPZs (10). Thus, 
CD4+ T cells are required for the IgG re- 
sponse to the native CS protein, but this may 
proceed through a MHC class 11-independent 
route. 

The native CS protein is posttranslationally 
modified by a GPI anchor (11), whereas TT and 
recCS are not. To determine whether the GPI 
anchor accounts for the difference in irnmu- 
nological behavior of the proteins, we puri- 
fied COOH-terminal GPIs from affinity-puri- 
fied GPI-anchored proteins of P. falciparum 
(PfGPI) and Tvpanosoma brucei membrane- 
form variant surface glycoprotein (mfVSG) 
(12) (Fig. 1 A), and nonprotein-linked free GPIs 
from Leishmania mexicana (12, 13) (Fig. IB). 
The compositional purity of these latter mole- 
cules was confirmed by gas chromatography- 
mass spectrometry (GC-MS). In addition, a 
phosphorylated and lipidated mammalian 
GPI based on the rat brain Thy-1 GPI (Fig. 
IC), and the corresponding inositolphospho- 
glycan (IPG) lacking a lipid tail, both chemi- 
cally synthesized by n-pentenyl glucoside strat- 
egy and compositionally pure by 'H nuclear 
magnetic resonance (NMR) analysis (14), were 
also used. To generate responses to the hapten 
fluorescein (FLU), native and synthetic GPIs 
and IPG were exposed to 2-iminothiolane to 
introduce a sulfhydryl onto free amino groups, 
desalted, and conjugated in a molar ratio of 1 : 1 
to fluoresceinated, malelmide-activated ovalbu- 
min (OVAFLU). In contrast to sham-OVAFLU 
alone or sham-OVAFLU mixed with equal mo- 
lar amounts of free PfGPI, PfGPI-OVAFLU 
conjugates were able to induce anti-FLU IgGl 
formation in MHC class 11-'- mice (mean log, 
reciprocal titer of 8). Similar IgG responses 
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were obtained in class 11-/- mice with the 
mfVSG of T. brucei, but not the deacylated 
soluble VSG derived by PI-specific phospho- 
lipase C (PI-PLC) hydrolysis (Fig. IA), dem- 
onstrating that the GPI lipid domain is required, 
and the GPI glycan is not sufficient, for the 
phenomenon. This was confmed by compar- 
ing responses to OVAFLU conjugated to either 
synthetic Thy- 1 GPI or Thy- 1 IPG lacking fatty 
acid (log, reciprocal titer of 9.75 versus no 
response, respectively). Thus, IgG responses in 
class 11-/- mice require linkage of antigen to 
GPI with an intact lipid, which may be com- 
posed of diacylglycerol or alkylacylglycerol. 

Although lacking conventional T cells, 
class 11-'-'.inice retain a diverse population 
of MHC-nonrestricted CD4+ a l p  TCR+ T 
cells, including NKT cells and other CD4+ 
cells selected on CD1 (9, 15). We therefore 
hypothesized that IgG responses to native and 
synthetically conjugated GPI-anchored pro- 
teins in both wild-type and class 11-/- mice 
proceed from CD Id-restricted presentation of 
GPIs to nonconventional T cells. To test this 
hypothesis, we examined the in vitro prolif- 
erative and cytokine responses to purified 
malarial GPI of splenocytes from animals 
primed with malpia SPZs. There was a 
marked increase in both the relative and ab- 
solute numbers of NKl. 1 + CD4+ blastoid 
cells responding to GPI from both class 11-/- 
(Fig. 2A) and wild-type mice. A high fre- 
quency of both V,14+ CD4+ (Fig. 2A) and 
Vp8+ cells was also detected in the respond- 
ing population. No exogenous cytokines were 
required for this proliferation, but supple- 
mentation of cultures with IL-2 (5 Ulml) 
increased the level of response. 

To examine the fine specificity of re- 
sponding cells, we exposed splenocytes from 
wild-type and class 11-/- animals primed to 
P. berghei SPZs to 0.5 FM of the GPI struc- 
tures shown in Fig. 1, together with dipalmi- 
toyl-PI. The cells responded to a similar de- 

Fig. 3. The proliferative 
and IL-4 response of NKT 
cells to  PfCPl is MHC-inde- 
pendent and CDI-restrict- 
ed. (A) Sorted NK1.1+, 
CD4+ cells (2 X lo4) from 
wild-type or class II-I- do- 
nors were placed in tripli- 
cate with or without puri- 
fied CPI on irradiated 
splenocyte APCs from 
wild-type ( WT), class 
11-I-, &M-/-, or CDI-I- 
donors, or CD1.l-trans- 
fected and sham-trans- 
fected I774 macrophages. 
[3H]TdR incorporation was 
determined after 3 days, or 
IL-4 production in the pres- 
ence or absence of anti- 

gree to most intact GPIs, but only weakly to 
the iM2 GPI with truncated glycan and not at 
all to glycans lacking the fatty acid domain, 
or to PI (Fig. 2B). Thus, both glycan and fatty 
acids are required for recognition, and NKT 
cells from SPZ-primed donors respond to a 
range of GPIs from diverse protozoal and 
mammalian taxa. However, because the full 
range of structures presented to the host un- 
der these priming conditions is not known, 
the results may reflect either broad recogni- 
tion of diverse antigens by the general popu- 
lation of NKT cells or heterogeneous re- 
sponses from a clonally mixed population. To 
further distinguish between these possibili- 
ties, cells were expanded in the presence of 
either PfGPI or Thy-1 GPI for 4 days, rested 
in IL-2, then restimulated with homologous 
or heterologous antigen. Cells expanded by 
either antigen responded significantly less 
well to the heterologous stimulus (Fig. 2B). 
Analysis of antigen-specific frequencies after 
in vitro culture revealed no increase above 
background levels in response to PfGPI in 
naYve donors, but a clear increase in antigen- 
reactive NKT cells from SPZ-primed donors 
(7 to 30% of total) (16). However, naiiie and 
primed donors both mounted significant re- 
sponses to the iM4 GPI (to 5% of NKT cells) 
(16). Together, the data are consistent with 
the reported fine specificity of CD 1-restricted 
CD4-CD8- human T cells for the glycan 
component of glycolipids (4, 17), suggesting 
that antigen priming expands clonally diverse 
NKT cells that are able to discriminate 
among structurally distinct GPIs, but that 
high precursor frequencies for some GPIs 
may occur even among naYve animals kept 
under specific-pathogen-free conditions. 

Cells that have been positively selected on 
NK1.l and CD4 proliferate and produce cy- 
tokines specifically in response to TCR-me- 
diated signals (2, 18). When sorted NKl.1 + 

CD4+ cells from wild-type and class 11-/- 

c<iE ~ ~ 1 . 1 ~  

WT + Control mbb 
rn + antkcol 

o r "'"$l' 4 5 

no APCo I-- 
GPI + WT APCa 

--C 
CPl + t3,w APCa 

Sn4 + GPI 

m4-CDi .I 
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mice that had been primed to SPZs were 
cultured with irradiated wild-type or class 
11-/- antigen-presenting cells (APCs), they 
responded to purified GPIs, as determined by 
incorporation of [3H]thymidine (L3H]TdR) 
and the production of high levels of IL-4 (Fig. 
3A). No proliferation in the absence of APCs 
indicated that GPIs do not provide a direct 
activation signal to NKT cells that is suffi- 
cient to induce cell growth. NKT cells did 
not respond to GPIs when cultured with 
irradiated APCs from P,-microglobulin-/- 
(P,M-/-) and CDl .l/CD1.2-/- (CD 1 -I-) 
(19) donors, or with wild-type and class 
11-/- APCs in the presence of anti-CD 1.1 
(1Bl) (20), but responded fully in the pres- 
ence of isotype controls (Fig. 3A). The 
proliferative and IL-4 response to PfGPI of 
NKT cells and the V,14+, CD4+ subset in 
unfractionated splenocytes could also be 
blocked by the anti-CD1 monoclonal anti- 
body lB1 (Fig. 3B). Thus, the recognition 
of GPIs by NKT cells is MHC-independent 
and CD1-restricted. In addition, NKT cells 
produced IL-4 in response to CD 1.1 -trans- 
fected J774 macrophages (20) in the ab- 
sence of exogenous antigen, but not in re- 
sponse to sham-transfected controls. None- 
theless, the response was enhanced when 
CD1.l-transfectants were pulsed with Pf- 
GPI (Fig. 3A). The response of NKT cells 
to CD1.l, observed previously (5, 18), has 
been adduced in support of the proposition 
that this cell population may play a physi- 
ological role in the absence of associative 
recognition of antigen (5, 21). However, as 
reported (5, 18), in the absence of exoge- 
nous antigen no cytokine expression was 
detected in response to APCs expressing 
normal levels of CD1.l.  Thus, high levels 
of CDl . l  expression in transfected cells 
may alone be sufficient to drive prolifera- 
tion. Alternatively, because NKT cells can 
respond to mammalian GPIs [for example, syn- 

Medium GPI +Control mAb GPl + antitD1 

B14i 

CD1 was determined as in 
Fig. 2. (B) Splenocytes from SPZ-primed class II-I- donors were exposed to  PfCPl in the presence or absence of anti-CD1 or isotype control and taken for 
flow cytometric analysis after 3 days. 

www.sciencemag.org SCIENCE VOL 283 8 JANUARY 1999 227 



R E P O R T S  

thetic Thy-1 GPI (Fig. 2B)], CD1. l-transfec- 
tants may be able to present endogenous GPIs 
to NKT cells, as suggested by the association of 
CD I d in transfected T2 cells with PI-containing 
compounds (5). Thus, CD1 may not be "emp- 
ty," and self-reactive NKT cells may arise 
through incomplete negative selection. Such a 
possibility may explain the nonantigen-specific 
regulatory activity of NKT cells (2, 22). 

NKT cells can induce Ig class switch in 
B cells exposed to anti-IgD (2). Extending 
to antigen-specific systems, NKT cells co- 
operated with B cells by ELISPOT assay in 
CDl-;,e,stricted IgG formation to GPI- 
OVA and native P. berghei CS protein 
fokmation, but not to OVAFLU (Fig. 4A). 
To determine, therefore, whether CDI . l -  or 
CDI .2-restricted antibody formation was a 
major or minor contributor to the IgG re- 
sponse to GPI-anchored proteins and SPZs 
in vivo, we exposed CDI-I- mice and 
wild-type controls to mfVSGFLU, SPZs, or 
recCS. Responses to mfVSGFLU and SPZs 
were significantly curtailed in CD1-I- 

Medium 

OVA-FLU alone 

GPI.OVA-FLU 

GPI-OVA-FLU + anti-Class II 

GPI-OVA-FLU + anti-Class I 

GPI-OVA-FLU + anti-CD1 

Medium 

SPZS only 

SPZs+ antiClass I 

SPZs + anti.Class 11 k 
SPZs + antl.CD1 

ELISPOTS p a  well 

B 
b -L 

- 7.5 1 O 

Antigen SPZ recCS mfVSGFLU 

Titer to: CS FLU 

Fig. 4. CDI-restricted antibody formation to 
neo-CPI-proteins and malaria SPZs. (A) Donor 
nu/nu mice were primed twice with P, berghei 
SPZs or twice with LPSFLU. Splenocytes were 
cultured in the presence of IL-2 (10 Ulml), with 
and without antigen (0.1 pg lml  sham-OVAFLU, 
PfCPI-OVAFLU, or 5 X l o4  SPZs), anti-class I, 
anti-class II, and anti-CDI, with l o 4  NKT cells 
from SPZ-primed class 1 1 - I -  donors. Antigen- 
specific IgC production was quantified by ELIS- 
POT against fluoresceinated dog serum albu- 
min for responses to OVAFLU, and rCS for re- 
sponse?_ to SPZs. (B) Responses of CD1.11 
CD1.2 (0) and Balblc wild-type mice (@) to 
SPZs, recCS, and mNSCFLU. IgC titers were 
determined as described (7). 

mice (Fig. 4B), indicating that under these 
conditions the CD1 -restricted pathway of 
IgG formation is an important component 
of responses to the native CS protein. Both 
groups responded equally to recCS, con- 
firming that class 11-dependent responses 
are unaffected by loss of CDI.  It is not yet 
clear whether the IgG responses to SPZs in 
CD1 -I- mice result from class 11-restricted 
responses to the intact GPI-anchored CS 
protein or to a proportion of the antigen 
adventitiously deacylated in these prepara- 
tions, or from a non-class 11, non-CD1 
pathway. 

GPIs are widespread among eukaryotes, 
and the expression of GPI-anchored pro- 
teins and free GPIs is particularly abundant 
among the parasitic protozoa. Because 
CD 1 -restricted NKT cells can recognize 
GPIs from diverse taxa (Fig. 2B), CDI-  
restricted IgG formation may represent a 
general mechanism for rapid responses to 
the GPI-anchored surface antigens of vari- 
ous pathogens. The native CS protein ap- 
pears to be more immunogenic than the 
recombinant version. Inoculation of as few 
as lo4 nonreplicating irradiated SPZs (1 ng 
of native CS protein, assuming lo6 copies 
per cell) is sufficient to elicit an antibody 
response comparable to that obtained with 1 to 
10 p,g of recCS. The rapid responses of NKT 
cells in vivo (2) and a relatively high precursor 
frequency of antigen-specific NKT cells may 
contribute to this phenomenon. Thus, con- 
sistent with the "danger model" of patho- 
gen-initiated immune responses (23), CDI - 
restricted immunity may be intermediate 
between the innate "pattern recognition" 
and adaptive immune systems. MHC-re- 
stricted nonresponsiveness to malarial sur- 
face antigens has been proposed to be a 
major obstacle to the development of vac- 
cines (24). Because both human and murine 
CDI molecules are relatively nonpolymor- 
phic, GPI anchors may provide universal T 
cell sites, overcoming MHC restriction in 
antibody responses to various pathogens. 
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Grassland Vegetation Changes 
and Nocturnal Global Warming 

Richard D. Alward,* James K. Detling, Daniel G. Milchunas 

Global minimum temperatures (T,,,) are increasing faster than maximum 
temperatures, but the ecological consequences of this are largely unexplored. 
Long-term data sets from the shortgrass steppe were used t o  identify corre- 
lations between T,,, and several vegetation variables. This ecosystem is po- 
tentially sensitive t o  increases in  T,,,. Most notably, increased spring T,,, was 
correlated wi th  decreased net primary production by the dominant C, grass 
(Bouteloua gracilis) and wi th  increased abundance and production by exotic and 
native C, forbs. Reductions in  6. gracilis may make this system more vulnerable 
t o  invasion by exotic species and less tolerant of drought and grazing. 

There is general consensus that there is an 
anthropogenic warming signal in the long- 
term climate record (1). Over land, this is 
primarily due to average annual minimum 
temperatures ( T M I N )  having increased at 
twice the rate o f  maximum temperatures 
(T,,,) (1, 2). At the global scale, these 
increases in T M I N  are related to increases in 
global cloudiness (1, 3). Experiments with 
agricultural plants and insect pests suggest 
important roles for T,, in influencing plant 
and insect development (4, 5). However, 
there has been little research on the conse- 
quences o f  elevated TMIN for natural ecosys- 
tems (6, 7 ) .  I f  elevated T M I N  leads to longer 
growing seasons, net primary production 
and carbon sequestration may increase as a 
consequence (8 ) .  However, the opposite 
may occur i f  elevated T,,, leads to in- 
creased plant and microbial nocturnal 
respiration rates without a compensatory 
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increase in photosynthesis. Additionally, 
elevated T,,, could shift competitive in- 
teractions among C,  (cool-season) and C,  
(warm-season) plants. 

It is important to identify features o f  eco- 
systems that are sensitive to changes in TMIN.  
To date, most modeling efforts and experi- 
mental manipulations investigating ecosys- 
tem responses to climate change have as- 
sumed that future warming will occur primar- 
ily during the day or uniformly over the 
diurnal cycle. This assumption clearly is 
not valid on a global level nor at most 
regional scales (2) .  Furthermore, there is no 
a priori reason to assume that ecosystems 
will respond similarly to changes in T,,, 
and T,,,. T o  investigate potential ecolog- 
ical consequences o f  elevated T M I N ,  we 
examined a 23-year data set for correlations 
between temperature [ T M I N ,  T,,,, and 
mean annual temperature (T,,,) (T,,, = 

(T,,, + TM,,)/2)] and both the abundance 
and aboveground net primary productivity 
(ANPP) o f  several key plant species and 
functional groups found at the Central 
Plains Experimental Range ( 9 )  in north- 
eastern Colorado. 

W e  identified seasonal and annual trends 
in T,, and T,,, to determine whether 
asymmetric diurnal temperature increases 
held true for this site (10). The densities o f  
most species were determined by counting all 
individuals within permanently marked quad- 
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rats (11). Harvests at time o f  peak standing 
crop were used as estimates o f  ANPP (12, 
13). Plants in the shortgrass steppe are 
commonly water-limited, and variation in 
precipitation could obscure plant responses to 
gradually changing temperatures (9, 14). 
Therefore, we included annual and seasonal 
precipitation totals, in addition to annual and 
seasonal minimum and maximum tempera- 
tures, as variables for stepwise regression 
model selection (15). W e  constructed linear 
models to evaluate significant correlations 
between these variables and ANPP or plant 
species density (16). 

Mean annual temperatures (T,,,) have 
increased by an average o f  0.12"C year-' at 
this site since 1964 (P = 0.0001, R2 = 0.52). 
During this period, T,,, increased 0.085"C 
year-' (Fig. l A ) ,  whereas T,,, increased 
0.15"C year-' (Fig. 1B). W e  limited fhrther 
analyses o f  temperature to the period begin- 
ning in 1970, when standardized monitoring 
o f  vegetation density was initiated. Since 
1970, T,,, has risen over 1.3"C, largely due 
to a significant increase in T M I N  o f  0.12"C 
year-' (P = 0.003; R2 = 0.44). However, 
there was no significant trend for T,,, (P = 

0.49). Averages o f  seasonal minimum tem- 
peratures since 1970 also exhibited signifi- 
cant warming, with similar trends in winter 
(0.17"C year-', P = 0.0013, R2 = 0.40), 
spring (0.16"C year-', P = 0.0007, R2 = 
0.43), and summer T M I N  (0.12"C year-', P = 

0.004, R2 = 0.33). No significant trends were 
detected in fall T M I N  (P = 0.64, R2 = 0.01). 
Annual precipitation (Fig. 1C) varied from 
230 to 480 m m  and has also exhibited a 
significant linear increase since 1970 (6  m m  
year-', P = 0.007, R2 = 0.30). However, 
there were no significant correlations be- 
tween annual or seasonal T M I N  and annual or 
seasonal precipitation (P > 0.1). 

Since 1983 (12), ANPP o f  Bouteloua gra- 
cilis, the dominant C, grass o f  the shortgrass 
steppe, declined over time (-12.2 g m-2 year1; 
P = 0.002; R2 = 0.78), and was negatively 
correlated with average spring TMIN (Fig. 2A). 
ANF'P o f  the most abundant C, forb, Sphaer- 
alcea coccinea, was negatively correlated with 
winter TMIN (Fig. 2B). In contrast, ANPP o f  
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