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It has become increasingly apparent in studies of mutant mice and observations of disease that cytokine production by fully
committed effector T cells within the Th1l and Th2 phenotype can vary within each group. This can potentially influence the type
and effectiveness of a given immune response. The factors responsible for inducing variable Thl and Th2 subtype responses have
not been well established. Using transgenic mice expressing the myelin basic protein-specific TCR, we demonstrate here that two
distinct populations of Th2 cells that are characterized primarily by differential IL-4 and IL-5 expression levels can be generated
depending upon the levels of IFNy present at the time of priming. We also demonstrate that populations expressing high levels
of IL-4 relative to IL-5 vs those with intermediate levels of IL-4 relative to IL-5 are stable and possess distinct effector functions

in an experimental autoimmune encephalomyelitis model. The Journal of Immunology, 2001, 167: 3074-3081.

into two distinct types based on cytokine expression, des-

ignated Thl and Th2 (1). Thl cells express IFN-y and
lymphotoxin, whereas Th2 cells express IL-4, IL-5, and IL-6.
TNF-a, GM-CSF, IL-10, and IL-13 can be produced by both
helper types, with higher expression of TNF-a and GM-CSF in
Th1 cellsand higher expression of IL-10 and IL-13in Th2 cells (2,
3). Upon infection by a particular type of pathogen, depending on
the location of the infection and the genetic background of the
host, a cascade of events is initiated that leads to a specific cyto-
kine burst that subsequently influences Th cell commitment (2—6).
It is becoming increasingly evident that the early conditions that
lead to the initial priming of T cells can have long-lasting and
permanent effects on the type of cytokines that these cells will
eventually produce. For instance, it has been shown that specific
stimulatory conditions occurring within the first 48 h of stimula-
tion of naive CD4™ T cells can effectively modulate the production
of IL-4 or IFN-vy, which are considered the hallmark cytokines of
the Th2 and Thl phenotypes, respectively (7). Importantly, how-
ever, fully polarized Thl and Th2 responses are attained only after
repeated stimulation in vitro or in vivo (8) with an intermediate
ThO phenotype, characterized by a mixed Th1/Th2 cytokine pro-
file, being observed in early activation or certain in vivo infection
situations (9-11).

T he CD4" T cell responses to Ag can be generally divided
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In contrast to the abundance of studies of factors that influence
Thl or Th2 polarization, much less is known about the conditions
that contribute to subpopulations within each group. Thl and Th2
cells are broadly characterized by the cytokines that they express.
However, within each group, there can be significant variation of
the cytokines produced by individual T cells, suggesting that these
cells may play differential roles in immunity and/or immunopa-
thology. With respect to Th2 populations, it was initially thought
that I1L-4 production was an absolute requirement for the produc-
tion of other Th2-type cytokines (12). However, studies analyzing
mice with a disrupted IL-4 gene or using a blocking anti-IL-4 Ab
have shown that the Th2 response is diminished, but not abrogated
(13, 14). Indeed, IL-5 production was still observed in these cases
with a somewhat attenuated, but still detectable, eosinophilia (13—
15). Thisisin sharp contrast to IL-5-knockout mice, which do not
develop eosinophilia when aeroallergen challenged or infected
with the helminth Mesocestoides corti (15, 16). Other studies ex-
amining the pattern of IL-4 and IL-5 production, which are nor-
mally shown to be coexpressed, have indicated that these two cy-
tokines can have dissociated expression patterns in vitro and in
vivo (17, 18). Finally, growing evidence indicates that differential
levels of IL-4 and IL-5 are observed in particular pathogenic in-
fections and hypersensitivity reactions in humans (19, 20). Atopic
asthmain humansis a predominantly IL-4 and IL-5 condition that
correlates well with IgE (high IL-4) production and eosinophilia
(high IL-5). However, many individuals afflicted with nonatopic
asthma display an IL-5-mediated response without detectable IL-4
production in the bronchoalveolar lavage. This condition is char-
acterized by eosinophilia, but normal levels of IgE (20).

In this study, we wanted to determine what factors contribute to
the variable IL-4 and IL-5 phenotype of Th2 cells. Analyzing a
wide array of factors, such as Ag dose, restimulation kinetics, and
exogenous addition or inhibition of cytokines, we found that the
presence or absence of IFN-vy in the initial Th2-polarizing condi-
tions had a remarkable influence on the relative levels of IL-4 and
IL-5 produced by in vitro-generated Th2 cell cultures. The cyto-
kine profile of these subpopulations was stable over time and over
several restimulations and was not reversible after commitment
was established. Most importantly, we show that adoptive
transfer of these effector Th2 subpopulationsin an experimental
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autoimmune encephalomyelitis (EAE)® model produced two
disparate disease phenotypes, indicating that the relative levels
of Th2 cytokines may have a strong influence on the nature of
Th2-mediated diseases.

Materials and M ethods
Mice

The establishment of myelin basic protein (MBP) N-acetylated (Ac),_4;-
specific TCR-transgenic mice has been described previously as well as the
MBP-specific TCR-transgenic mice with a disrupted recombinase-activat-
ing gene (RAG)-1 (21). In brief, the mice were made by injection of
C57BL/6 zygotes, with subsequent backcrossing with C57BL/10.PL (The
Jackson Laboratory, Bar Harbor, ME) to incorporate the I1.AY restriction
element. TCR-B~/~ (22) and IFN-y~~ (23) backcrossed to C57BL/6 were
purchased from The Jackson L aboratory, and subsequently the H-2" MHC
was incorporated in homozygosity through crosses with C57BL/10.PL
mice. Mice were kept under specific-pathogen-free conditions in individ-
ually ventilated cages (Thoren, Hazelton, PA) at the Skirball Institute Cen-
tral Anima Facility (New York University Medical Center, New
York, NY).

Disease evaluation

EAE was scored as previously described (24): level 1, limp tail; level 2,
weak or partial leg paralysis; level 3, total hind leg paralysis; and level 4,
hind leg paralysis and weak or partial front leg paralysis. All protocols
involving mice handling were approved by New York University’s insti-
tutional and animal care use committee.

Generation of MBP-specific Th cells

MBP-specific cells were obtained from spleens of MBP-specific TCR-
transgenic, RAG1™ (referred to as T/R™) or T/R™ X IFN-y~/~ mice on the
C57BL/10.PL genetic background. Spleen cells (~2 X 10%ml) were cul-
tured in the presence of 5 uM MBP Ac,_;, and IL-12 (BD PharMingen,
San Diego, CA), IL-4 (BD PharMingen, San Diego, CA), or IL-4 and
anti-IFN-y Ab (BD PharMingen) to generate Thl, Th2, and Th2Hi5 cells,
respectively. Cultures were restimulated 4 days after primary stimulation
and every 7 daysthereafter with irradiated (20 Gy) syngeneic TCR-B~/~ or
IFN-y~'~ (Fig. 5) splenocytes and MBP peptide (5 uM).

Cytokine assays

Intracellular staining was performed according to the protocol recom-
mended by BD PharMingen. Briefly, cells were harvested and treated with
10 ng/ml PMA (Sigma, St. Louis, MO) and 200 ng/ml ionomycin (Sigma)
for 2 h, followed by 10 ug/ml brefeldin A addition (Sigma) for 2 additional
h. Cells were washed, and the cell surface was stained with anti-CD4 APC
for 20 min at 4°C in staining buffer (PBS, 2% FBS, and 0.1% NaN). The
cells were then treated for 5 min with lysis solution (BD PharMingen),
washed, and incubated with 1X permesbilization solution (BD Phar-
Mingen) for 10 min. Cells were washed and incubated in staining buffer for
45 min with combinations of the following Abs: IL-4-FITC, IL-5-PE,
and/or IFN-y-PE (BD PharMingen). Cells were analyzed on a FACSCali-
bur instrument (BD Biosciences, Mountain View, CA).

The concentrations of IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13 (Quan-
tikine 1L-13 kit, R&D Systems, Minneapolis, MN), and IFN-y in culture
supernatants was determined by ELISA using Ab pairs and the protocol
supplied by BD PharMingen unless otherwise noted.

Real-time PCR

Total RNA was extracted from Thl, Th2, and Th2Hi5 cultures using
TRIzol (Invitrogen, San Diego, CA), and first-strand cDNA was synthe-
sized using SuperScript |1 RT (Invitrogen). PCR was performed using the
iCycler (Bio-Rad, Hercules, CA) and the SYBR Green fluorophore core
reagents kit and protocol (PerkinElmer Applied Biosystems, Foster City, CA).
The GATA-3 sequences used were 5'-CTACGGTGCAGAGGTATCC-3'
(sense) and 5'-GATGGACGTCTTGGAGAAGG-3' (antisense). The c-Maf
sequences used were 5'-TGTGTTCACGTTCGAGCTTT-3' (sense) and 5'-
AGGTCGGAATTGTTCATTGC-3' (antisense).

3 Abbreviations used in this paper: EAE, experimental autoimmune encepha omyeli-
tis; MBP, myelin basic protein; Ac, N-acetylated; RAG, recombinase-activating gene;
T/R™, myelin basic protein-specific TCR-transgenic mice with at least one normal
RAGL gene.
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Competitive RT-PCR

Quantification of the cytokine transcripts for IL-1a, IL-18, IL-4, IL-5,
IFN-v, and TGF-B1 was performed as described previously (25) using the
primer sequences supplied. Briefly, total RNA was isolated from Thi, Th2,
and Th2Hi5 polarized cultures (described above) using Tri-Reagent (Mo-
lecular Research Center, Cincinnati, OH). cDNA was produced using
SuperScript |1 RNase H™ reverse transcriptase according to the supplied
protocol. Competitive PCR was subsequently performed using transcrip-
tion-specific primers for the indicated cytokines and the plasmid pCCF-D
as competitor. The relative amounts of cytokines in each of our samples
were determined by comparing band intensities at varying pCCF-D input
concentrations using hypoxanthine-guanine phosphoribosyltransferase as a
standard.

Adoptive transfer experiments

Th populations were generated as described above for three stimulations on
daysO0, 4, and 8 for full polarization. On days 9 and 11, culture supernatants
were taken and analyzed for IL-4, IL-5, and IFN-+y cytokine production by
ELISA. On day 11, cells were washed, resuspended in PBS, and injected
i.v. (5 X 10° cellymouse) into RAG1 ™'~ recipient mice on day 11 of
culture. Weight and clinical score were monitored twice a week for the
duration of the experiments.

Histology

Adoptively transferred mice with severe EAE were deeply anesthetized
with ketamine/xylazine/acepromazine mixture and perfused through the
left ventriculum with ~100 ml PBS/0.5 mM EDTA, and CNS tissue was
dissected in one piece and subsequently separated (spinal cords and cere-
bella). Formalin-fixed tissue was paraffin embedded and sectioned to 7 um.
The tissue was subsequently stained with H& E and analyzed using a Zeiss
Axioplan microscope (Zeiss, New York, NY) and the SPOT RT camera
and software system (Diagnostic Instruments, Sterling Heights, MI).

Results

The presence or absence of IFN-y in Th2 polarized cells
produces Th2 subpopulations with distinct 1L-5 expression
patterns

It has been previously reported that Th2 clones can express vary-
ing ratios of 1L-4 and IL-5 (9, 17). We have confirmed these ob-
servations in T cell clones obtained under Th2 polarizing condi-
tions from MBP Ac,_,,-specific splenocytes from TCR-transgenic
mice (T/R™ mice). The majority of these clones produced high
levels of IL-4 with widely varying levels of IL-5, with afew clones
(~5%) producing low levels of IL-4 and high levels of IL-5. These
clones were maintained and restimulated for long periods of time
without alteration in their cytokine production program (L. Arm-
strong and J. Sampson, unpublished observations). To determine
the factors that affect this variability we systematically analyzed a
wide spectrum of known Th2 influences on total splenocyte cul-
tures, such as Ag dose, time between stimulation, and cytokine
addition or inhibition. Strikingly, it was found that the presence or
the absence of IFN-+y during theinitial stimulation of T/R™ spleno-
cytes had the most dramatic influence on relative IL-4 and IL-5
cytokine production (Fig. 1). Initial stimulation of naive MBP-
specific T cells under Th2 polarizing conditions (Ag and exog-
enously added IL-4) resulted in populations that expressed high
IL-4 levels, low IL-5 levels, and no detectable IFN-y. Under the
same stimulatory conditions, except in this case, with the addition
of neutralizing anti-IFN-y Abs on day 0, we found that IL-4 levels
were similar (if not slightly decreased) with a 2- to 3-fold aug-
mentation of IL-5 levels. After three rounds of stimulation there
was no detectable IFN-vy. High IL-5 levels were displayed by cells
in which the anti-IFN-y Ab was washed out of the cultures before
the first restimulation (Fig. 1) as well as by cells grown under
sustained Ab treatment, indicating that the critical event was the
neutralization of IFN-y at the time of naive T cell priming. Further
phenotypic analysis of Th2 (high IL-4, low IL-5 producers) and
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FIGURE 1. Neutralization of IFN-vy leads to higher IL-5 production by
MBP-specific Th2 lymphocytes. Cytokine analysis of cultures grown under
different conditions. A, Culture supernatants from primed MBP-transgenic
splenocytes treated on day 0 with medium alone, IL-12 (100 U/ml), IL-4
(200 U/ml), anti-IFN-y Ab (10 wg/ml), or IL-4 plus anti-IFN-y were har-
vested 24 h after two rounds of restimulation in vitro with syngeneic ir-
radiated APCs (~2 X 10%ml) and MBP Ac,_,, peptide (5 uM) and were
analyzed by sandwich ELISA. B, Polarized T cell cultures treated as de-
scribed above were harvested 24 h after the third stimulation and were
stimulated for an additional 4 h with PMA and ionomycin for FACS anal-
ysis of IL-4 and IL-5 production by intracellular cytokine staining. The
staining shows IL-4-FITC and IL-5-PE staining of gated lymphocytes
based on forward and side scatter.

Th2Hi5 (high IL-4, high IL-5 producers) populations was per-
formed to look for other cytokines that may be differentially ex-
pressed. We analyzed a wide array of cytokines (IL-2, IL-4, IL-5,
IL-6, IL-9, IL-10, IL-13, and TGF-B1) by ELISA, quantitative
RT-PCR, and/or intracellular staining (Table 1). Both Th2 and
Th2Hi5 cells expressed Th2 cytokines, including IL-4, IL-5, IL-9,
IL-10, and IL-13, with the only major difference found between the
two populations being that Th2Hi5 populations had reproducibly
higher levels of IL-5 expression compared with Th2 cultures. In
addition, we analyzed various aspects of our populations after ini-
tial stimulation (24 and 72 h poststimulation), such as cell mor-
phology and surface markers believed to be important in Th cell
generation, activation, and function. These included a measure of
cell size, as a correlate to cell activation, by forward scatter anal-
ysis and of TCR and coreceptor (CD4) expression levels, CD28,
CTLAA4, FAS, LFA-1, CD49d, and CD2 (Table I). As would be
expected, both populations displayed an activated phenotype,
which was confirmed by analysis of the activation markers CD69,
CD44, and CD62 ligand (Tablel). Theresults of these experiments
showed a similar phenotype for al markers analyzed on Th2Hi5
cultures vs Th2 cultures.

Finally, we assessed the expression levels of the transcription
factors GATA-3 and c-Maf in our various cultures (26, 27). Both
GATA-3 and c-Maf are strongly associated with the Th2 pheno-
type, with c-Maf playing a significant role in IL-4 activation
through c-maf response element sites in the IL-4 promoter (26).

ROLE OF IFN-y IN Th2 DEVELOPMENT AND PATHOGENICITY

GATA-3 consensus binding sites are found in both the IL-4 and
IL-5 enhancer regions, and GATA-3 is considered to be a key
regulator of the Th2 phenotype. Interestingly, GATA-3 seems to
play a more striking role in IL-5 gene transcription in a luciferase
reporter system (28), but recent evidence points to an enhancer
element downstream of the IL-4 gene that may become available
after initial activation and chromatin remodeling (29). Using quan-
titative PCR using transcript-specific primers we observed that
GATA-3 and c-Maf were both strongly associated with the Th2
phenotype, as published, but there were no significant differences
between Th2 and Th2Hi5 cultures (Fig. 2).

Th2 and Th2Hi5 populations display a stable phenotype over
time, and differences in cytokine production are not due to
kinetic differences in cell division

One of the hallmarks of the Thl and Th2 populations is their
ability to maintain their cytokine expression patterns over time. To
test whether this was true for the Th2 and Th2Hi5 subpopulations
as well, we generated Th2 and Th2Hi5 cells and maintained them
over multiple additional rounds of stimulation in nonpolarizing
conditions with irradiated APC and MBP peptide. The Th2 and
Th2Hi5 phenotype, as measured by IL-4 and IL-5 production, was
maintained over a long period of time, confirming the highly po-
larized Th2 nature of both subpopulations (Fig. 3) and the stable
nature of clones with disparate IL-4 and IL-5 production levels.
The fact that our Th2 cultures kept for long periods of time did not
develop a Th2Hi5 profile was also an indicator that the enhanced
proliferation that occurred in the absence of IFN-vy (30) was not
responsible for the different IL-5 levels produced by Th2 and
Th2Hi5 cells, as T cells in older Th2 cultures divided as many
times as cells in younger Th2Hi5 cultures.

We wanted to further characterize the kinetics of I1L-4 and IL-5
production in the two Th2 subpopulations, as recent data showed
that cytokine production is regulated by cell cycle and number of
cell divisions (31, 32). To address these issues we generated Thi,
Th2, and Th2Hi5 populations and, after two restimulationsin vitro,
analyzed cytokine production at different time points. Fig. 4 shows
that, beginning from the earliest time points, IL-4 and IL-5 pro-
ductions are different in Th2 and Th2Hi5 cultures, further con-
firming that the two phenotypes are distinct from one another.
These results indicate that cell cycle and the number of cell divi-
sions do not play a major role in the Th2Hi5 phenotype observed.

T cell cultures from IFN-y~/~ mice show a phenotype similar to
that of anti-IFN-y Ab-treated cultures

Because the presence or the absence of IFN-y in the milieu upon
initial commitment of MBP-specific CD4" cells to the Th2 phe-
notype greatly influenced relative IL-4 and IL-5 levels in subse-
quent stimulations, we wanted to determine whether this pheno-
type could be recapitulated in IFN-y '~ mice. Using total
splenocytes derived from anti-MBP TCR-transgenic IFN-y /'~
mice (T/R* IFN-y~'7), we observed a phenotype that closely
matched the effects seen with the addition of anti-
IFN-y-neutralizing Ab in cultures that were stimulated with MBP
plus exogenous IL-4 (Fig. 5). In addition, it was observed that Thl
polarized cultures (MBP plus IL-12 addition) from IFN-y '~ mice
also produced an enhanced IL-5 response similar to the response
observed in Th2Hi5 cultures. These data confirm prior work on the
effect of 1L-12 in Schistosoma-infected IFN-y /'~ mice (33), sup-
port the necessity of IFN-vy for Thl generation (23), and indicate
that the lack of any IFN-vy in the initial priming conditions allows
for the derepression of IL-5 production by the T cells. IL-4 levels,
however, are affected very little by the presence or the absence of
small amounts of endogenous IFN-+y.
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Table |. Characterization of cytokine and cell surface markers for Thl, Th2, or Th2Hi5 populations

Cytokine® or

Surface Marker® Thi Th2 Th2Hi5 Measured by
IL-2 - - - ELISA
IL-3 + ++ ++ ELISA
IL-4 - +++ +++ ELISA, RT-PCR, IC stain®
IL-5° - + +++ ELISA, RT-PCR, IC stain
IL-6 - - - ELISA
IL-9 - ++ ++ ELISA
IL-10 - ++ ++ ELISA
IL-13 - ++ ++ ELISA
IFN-y +++ - - ELISA, RT-PCR, IC stain
TGF-B - - - RT-PCR
FSC ++ ++ ++ FACS analysis
CD4 ++ ++ ++ FACS analysis
LFA-1 ++ ++ ++ FACS analysis
VLA-4 + + + FACS analysis
Fas + ++ ++ FACS analysis
CD28 + ++ ++ FACS analysis
CTLA4 + ++ ++ FACS analysis
CD69 ++ ++ ++ FACS analysis
CD62L - - - FACS analysis
CD25 ++ ++ ++ FACS analysis

2 Cytokine anaysis was performed on fully polarized Th1, Th2, and Th2Hi5 populations 24 h after three rounds of stimu-
lation in vitro. + and — represent relative levels of cytokine expression.

b FACS analysis was performed at 72 h after initial stimulation, and + and — indicate a relative increase or decrease in
fluorescent intensity from time O; ++ indicates an ~2-fold up-regulation of surface expression or cell size.

¢ Differences between Th2 and Th2Hi5 cultures.

91C, Intracellular cytokine; FSC, forward light scatter; VLA-4, very late Ag 4; CD62L, CD62 L-selectin.

Adoptive transfer of MBP-specific Thl, Th2, and Th2Hi5
populations into RAG1-deficient mice produces three distinct
clinical phenotypes

Given the strong evidence for IFN-vy'sinitial role in the generation
of Th2 subpopulations with skewed IL-4 and IL-5 expression pat-
terns, we next examined whether these populations exhibited any
functional or pathogenic differencesin vivo. To assess whether our
populations possess differential effector functions, splenocytes
from MBP-specific TCR-transgenic mice were cultured with pep-
tide and IL-12 (Thl), IL-4 (Th2), or IL-4 plus anti-IFN-y Abs
(Th2Hi5) and restimulated twice on days 4 and 8 with irradiated
splenocytes and peptide to polarize the populations fully. Cells
were then injected into recipient RAG1 ™/~ miceat 5 X 10° cells/
mouse on day 11 to ensure that the T cells were blasting and
sufficiently polarized. The cultures were analyzed in vitro to con-
firm the skewed cytokine expression phenotype. The transferred
Thl cell populations induced severe EAE with very rapid onset
(around day 7), leading to death ~3.5 wk after injection. The Th2
and Th2Hi5 populations, on the other hand, caused disease with
delayed onset (days 16—20), but still exhibited a 100% incidence
(Fig. 6A). The disease displayed by Thl- and Th2-transferred mice
was characterized by the traditional ascending, progressive paral-
ysisnormally observed in classical EAE. Thisclassical paraysisis
characterized initially by hindtail weakness and paralysis that
moves up the mouse through the hindlimbs and finally the fore-
limbs over time. However, the Th2Hi5-transferred mice showed a
marked difference from the Thl and Th2 recipient mice in the
nature of disease that was manifested. The mice showed a delayed
onset of disease, like the Th2 recipient mice, but exhibited a very
rapid progression to death after initiation of paralysis. Instead of
the classical ascending progressive paralysis observed in the Thl-
and Th2-induced disease, the mice showed a marked decrease in
their ability to keep themselves upright and would list, spin, or roll
in their cages, indicating a severe disruption in their ability to
maintain balance. These mice displayed aslight loss of tonusin the
tail, but could maintain some tail responses throughout the disease

progression (Fig. 6B). We termed this type of EAE nonclassical, as
it did not follow the well-established progression seen in most
studies and, in addition, could not be scored according to rules
established for normal EAE progression.

Discussion

Murine knockout studies and studies of the Th2 phenotypein vitro
or in disease have shown that production of cytokines specific to
this helper cell subset can be variable and independent of one
another, which can have important in vivo consequences (14, 20,
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FIGURE 2. Expression of c-Maf and GATA-3 messenger RNA issim-
ilar for Th2 and Th2Hi5 populations. Thl, Th2, and Th2Hi5 cultures were
generated as described in Fig. 1. Total RNA from the cultured cells was
purified 24 h after the second restimulation. First-strand cDNA was gen-
erated, and quantitative RT-PCR was performed using SYBR Green and
transcript-specific primers. The figure shows relative c-Maf and GATA-3
expression in Thl, Th2, and Th2Hi5 cultures. The bars represent levels of
expression normalized to the housekeeping gene hypoxanthine-guanine
phosphoribosyltransferase and set arbitrarily at 1 for Thl cells. Therelative
expression data are representative of two independent experiments for both
c-Maf and GATA-3.
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FIGURE 3. Th2 and Th2Hi5 cultures maintain their phenotypes after
repeated stimulation. Splenocytes from T/R™ mice were stimulated in vitro
with MBP peptide and IL-12 only, IL-4 only, or IL-4 plus anti-IFN-y Ab,
and harvested 24 h after three or six rounds of stimulation and analyzed by
intracellular staining. The graph shows the percentage of CD4" cells that
stained positively for IL-4 only ((]), IL-5 only (M), or both IL-4 and IL-5
double expressors (&).
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28, 34). In this study, we demonstrate that we can greatly influence
the ratio of I1L-5 to IL-4 production depending on the presence or
the absence of small amounts of IFN-vy at the time of naive T cell
priming. Thisisthe first report showing IFN-y'sinfluence on IL-5
expression. In addition, we determined that the Th2 and Th2Hi5
subpopulations are stable, irreversible, and have the ability to in-
duce clinically different disease types in an EAE model.

Clones generated under Th2-polarizing conditions showed dra-
matic variations in the amounts of 1L-4 and IL-5 they produced,
with some even producing IL-5 almost exclusively, with very little
IL-4 (<5% of the total clones). This phenomenon of dissociated
IL-4 and IL-5 production has been observed in several settings (10,
34). Sewell and Mu (18) showed that immunization in the presence
of pertussis toxin led to increase in IL-4, but no IL-5 production,
and, conversely, immunization in the presence of cyclophospha-
mide led to an increase in IL-5, but no IL-4 production. Walker et
al. (20) have shown that in nonallergic asthmatic patients, one can
find cases where high eosinophilia (correlated with high IL-5 pro-
duction) and low IgE (correlated with low IL-4 production) can be
identified. Finally, many studies on IL-4~/~, IL-4R™'", and
STAT-6/~ mice have shown definitively that IL-4 signaling is
not necessary for the production of other Th2 cytokines, especially
IL-5, and that in alergic models of asthma in BALB/c mice, eo-
sinophilia and airway hyper-responsiveness are still present due to
the influences of IL-5 and 1L-13 (14, 35).

The variability of the IL-5:1L-4 ratio produced by our clones
could be due to many factors, either intrinsic to the individual T
cells or influenced by their surrounding environment, or both.
However, considering that the cells were derived from TCR-trans-

ROLE OF IFN-y IN Th2 DEVELOPMENT AND PATHOGENICITY
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FIGURE 4. DifferencesinIL-4 and IL-5 expressionin Th2 and Th2Hi5
populations are stable over time and are not due to cytokine release kinet-
ics. Thl, Th2, and Th2Hi5 cultures were generated as described in Fig. 1.
After the third stimulation supernatants were collected at 2, 6, 12, 24, and
48 h and analyzed by ELISA.

genic mice, intrinsic variations are expected to be reduced. To
address this question we analyzed the roles of several factors that
might influence the commitment of MBP-specific T cells. Among
those, we showed that the absence or the presence of IFN-vy at the
onset of polarization had a dramatic effect on the cytokine profile
that would be programmed into our Th2 populations. Neutralizing
Abs to IFN-vy are routinely used along with exogenous IL-4 addi-
tion for the generation of Th2 cultures in vitro, but a thorough
analysis of differences between populations generated from IL-4
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FIGURE 5. Culturesfrom MBP-transgenic mice with adisrupted |FN-vy
gene display the same Th2Hi5 phenotype as anti-IFN-y-treated cultures.
Total splenocytes from T/R™ mice with normal or disrupted IFN-y genes
were initially stimulated side-by-side under the same conditions as in Fig.
1. IFN-+y wild-type and knockout cultures were restimulated with irradiated
splenocytes from normal mice and IFN-y-knockout mice, respectively.
Twenty-four hours after three rounds of stimulation cells were harvested,
and intracellular cytokine staining was performed. The plots for the various
cytokines show populations that were gated on CD4* lymphocytes.
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FIGURE 6. Clinical and histological analyses of C
EAE from adoptive transfer of Thi, Th2, and Th2Hi5

cultures into RAGIL-deficient recipients. Four- to

6-wk-old RAG™/~-recipient mice were adoptively

transferred with 5 X 10° polarized Thi, Th2, or

Th2Hi5 cultures generated as described in Fig. 1.

Weight (not shown) and EAE incidence (A) were as- Th1
sessed approximately every 4 days, starting 7 days
post-transfer. B, Summary of the severity and clinical
signs of the EAE observed after 58 days. [, Percent-
age of mice from any given transfer group that man-
ifested the classical ascending progressive form of
EAE; B, percentage of mice that manifested nonclas-
sical or rolling EAE; A, percentage of mice that were
moribund (L5) by day 58 for each group. This figure
is representative of three experiments (n = 5-6/
group). C, Histological analysis of spinal cord and

cerebellum from adoptively transferred mice with se- Th2
vere classical or nonclassical EAE. H&E staining
with white matter (WM) and gray matter (GM) in-
dicated and separated by a white dotted line.
Th2Hi5 &

addition only or IL-4 and anti-IFN-vy addition has not been per-
formed. What is known is that IFN-vy is necessary, but not suffi-
cient, for Thl formation in vitro and the presence of IFN-vy in Th2
polarized cultures inhibits proliferation (30). Indeed, both Th2 and
Th2Hi5 cells displayed a decreased ability to proliferate in re-
sponse to IFN-v, indicating that a functional IFN-yR was present
at similar levels on both Th2 subpopulations (data not shown).
Thisinhibition of proliferation was not observed in Thl cultures as
would be expected from published work showing that IFN-y's
effects are abrogated due to the down-regulation of IFN-yR in
these populations (36, 37).

The production of different Th2 subtypes is not a curiosity and
the physiological role of IFN-vy in the generation of these subtypes
in vivo could easily be imagined. During the life of a vertebrate,
Ags enter the organism by avariety of routes. A different sequence
of events is triggered by Ag entry through each of the different
routes. Priming of T cells in the presence of IL-4 and small
amounts of IFN-y may lead to Th2 differentiation. IFN-y may be
present in the microenvironment due to its production by NK T
cells, NK cells, or ThO cells. NK cells and NK T cells are less
frequent in the lymph nodes than they are in the spleen; thus, it
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could be envisioned that a Th2 profile will develop when Ag
makes its way systemically and T cells are primed in spleen. In
contrast, Ag entry through the skin could lead to Thl or Th2Hi5
priming in the draining lymph nodes depending upon the IL-12
levels produced by dendritic cells.

Our data indicate that both cell types, Th2 and Th2Hi5, have all
the hallmarks of a Th2 population, and it is not just a matter of the
Th2, as opposed to the Th2Hi5 cells, being “less Th2.” They both
express the signature Th2 cytokines, are stable over long periods of
time, and are not reversible, the prototypical definition of Th2 type
populations. In addition, the Th2-associated transcription factors
GATA-3 and c-Maf were expressed at similar levels by Th2 and
Th2Hi5 cells. c-Maf is an IL-4 specific transcription factor (26),
and GATA-3 isthought to be a master regulator of Th2 vs Th1l cell
differentiation. Naive T cells express low levels of GATA-3 and
upon polarization GATA-3 expression either getsturned off in Thl
committed cells or is autocatalytically up-regulated in Th2 cells
(27, 28, 38, 39). In our case, the fact that c-Maf and GATA-3 are
up-regulated in both Th2 subpopulations is not surprising and
points to other factors that may help fine-tune the specific cytokine
response in Th2 cells. It aso may be that subtle differences in
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GATA-3 expression that are beyond the sensitivity limits of our
assays can account for the different cytokine profiles of our two
populations. Nevertheless, the 5- to 7-fold increase in GATA-3
levels in both our Th2 populations argue strongly in favor of them
being true Th2 cells.

One of the most important features of the Th2 and Th2Hi5 pop-
ulations is their ability to cause dramatically different types of
pathology. Th2 cells have previously been shown to produce EAE
in lymphopenic recipient mice (40), but the role of different Th2
cytokines has not been elucidated. Recently, Tran et a. (41) and
Chu et al. (42) have reported that IFN-y '~ mice are not only
susceptible to EAE, but exhibit a more severe phenotype than
wild-type mice. In our model, it is likely that the initial activation
of MBP-specific cells in the presence or the absence of small
amounts of IFN-vy produces encephalolitogenic cells of either the
Th2 or Th2Hi5 type that cause the classical or nonclassical forms
of EAE, respectively. Indeed, the Th2Hi5 adoptively transferred
cells are highly pathogenic and lead to 100% mortality as opposed
to about 30% mortality in Th2 cell-transferred mice. Because IL-5
levels congtitute the only difference that we could consistently de-
tect among cytokines produced by Th2 and Th2hi5 cells, it is con-
ceivable that the two disease outcomes are related to the IL-5 lev-
els produced by both subpopulations, although the effect of other
molecules, such as chemokines, isalso likely. Chu et a. (42) spec-
ulated that the severity of the |FN-y-knockout EAE phenotype was
due to a failure to suppress expansion of the activated T cell in-
filtrate, but the distinct clinical manifestation of our classical vs
nonclassical disease indicates that actua infiltrate location could
play a stronger role in the severity of the disease. Indeed, histo-
logical analysis of the CNS of adoptively transferred mice reveaed
a severe inflammation in the cerebella of Th2Hi5 transferred mice
vs Thl or Th2 (Fig. 6C). Spina cords had inflammatory lesionsin
all three transfer groups, which could be expected because tail
strength was somewhat diminished in the Th2Hi5 transferred mice,
indicating that there was a reduced, but substantial, spinal cord
component to the disease (Fig. 6C). Factors such as chemokines or
chemokine receptors on both populations or in the CNS may play
arole in determining the spatial distribution of the lesions. Tran et
al. (41) demonstrated disparate production of several chemokines
in IFN-y and IFN-yR knockout EAE in C57BL/6 vs |FN-y-com-
petent, susceptible SIL mice. In addition, Salazaar-Mather (43)
elucidated the important role IFN-y plays in chemokine up-regu-
lation and recruitment of particular inflammatory components of
the immune system.

Although the encephalitogenic clone from which the MBP-spe-
cific TCR-transgenic mice were made was a Thl clone (24), naive
T cells from specific pathogen-free-kept MBP-specific TCR-trans-
genic mice develop a Th2 cytokine profile upon stimulation with
MBP peptide alone. This occurs over a wide range of peptide
concentrations, with Thl preponderance seen only upon stimula-
tion with a very low concentration of MBP peptide. Moreover, the
C57BL genetic background of our transgenic mice is considered
Thl prone. Thus, in the situation in which a T cell tenaciously
develops a Th2 profile even in the presence of small amounts of
IFN-v, neutralization of IFN-vy leads to a high IL-5 production
with no change or a small reduction in the IL-4 levels. How many
T cells behave like the MBP-specific cells that we studied is not
known. However, our preliminary observations on a DO 11.10
TCR-transgenic BALB/c system indicate that while the increase in
IL-5 is smaller than that observed in the MBP TCR-transgenic
system, the ratio between IL-4 and IL-5 production is altered by
IFN-vy neutralization in a manner similar to that seen with MBP-
specific T cells (data not shown).

ROLE OF IFN-y IN Th2 DEVELOPMENT AND PATHOGENICITY

The development of Thl and Th2 type cellsis awell-established
phenomenon, and the modulation of those responses provides tar-
gets for therapeutic intervention. We have shown here that there
are other levels of complexity within these phenotypes and that
these subpopulations can have biological relevance.
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