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There is growing evidence that T helper cell subsets (TH1 and TH2) can be differentially 
recruited to promote different types of inflammatory reactions. Murine TH1 but not TH2 
cells are recruited through P- and E-selectin into inflamed tissues, where they induce 
delayed-type hypersensitivity reactions. The human eotaxin-receptor CCR3, originally 
described on eosinophils and basophils, was also found to be expressed by TH2 cells. 
An antibody to CCR3 was used to isolate T cells from peripheral blood that give rise to 
TH2-polarized cell lines and to identify TH2 cells derived from naive T cells in vitro. Eotaxin 
stimulated increases in intracellular calcium and chemotaxis of CCR3+ T cells. The 
attraction of TH2 cells by eotaxin could represent a key mechanism in allergic reactions, 
because it promotes the allergen-driven production of interleukin-4 and interleukin-5 
necessary to activate basophils and eosinophils. 

T h e  regulation of leukocyte migration is a 
complex process involving the participation 
of adhesion molecules such as selectins and 
integrins (1) as well as chemokines and che- 
mokine receptors (2). The combined action 
of adhesion molecules and chemokines is 
thoueht to wrovide an address code for leu- - 
kocyte migration to different sites (3). 

Effector T lymphocytes are heteroge- 
neous in their functional capabilities (4). 
T,1 cells produce interferon-? (IFN-y) and 
activate mononuclear phagocytes, thus pro- 
tecting against intracellular microbes. In 
contrast, T,2 cells produce interleukin-4 
(IL-4) and IL-5 and are involved in re- 
sponses dominated by immunoglobulin E 
(IgE), eosinophils, and basophils. Mouse 
TH1 cells express the ligand for P- and 
E-selectin, which promotes their migration 
into inflamed tissues (5).  TH2 cells do not 
enter the same sites as TH1, suggesting a 
distinct migratory capacity. Because tissues 
undergoing allergic reactions contain TH2 
cells toeether with eosinowhils and ba- " 
sophils, it is conceivable that common fac- 
tors may be responsible for the recruitment 
of these three cell types. 

The CC-chemokine eotaxin, produced 
by epithelial and phagocytic cells, is a potent 
and selective chemoattractant for eosino- 
phils and basophils (6, 7). Eotaxin binds 
with high affinity and fidelity to a specific 
receptor, CCR3, which is selectively ex- 
pressed on  eosinophils and basophils (8). 

W e  observed that an antibody to CCR3 
(7Bl l )  (9) stained a small proportion of T 
lymphocytes in the human adult peripheral 
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blood of certain donors but not in cord blood 
(1 0). About 1% of peripheral blood T cells 
express CCR3 (Fig. 1). CCR3+ and CCR3- 
lymphocytes were sorted, expanded as poly- 
clonal lines by stimulation with phytohe- 
magglutinin (PHA) and IL-2, and tested for 
expression of CCR3 and cytokine produc- 
tion (1 1 ). Lines derived from CCR3+-sorted 
cells had an increased proportion of CCR3+ 
cells (19%) and produced IL-4 and IL-5. In 
contrast, lines derived from unsorted or 
CCR3--sorted cells comprised only very few 
CCR3+ cells (<I%) and produced little 
IL-4 and IL-5. Although IL-4 and IL-5 pro- 
duction correlated with the expression of 
CCR3, the production of IFN-y did not, 
because all the lines produced it in compa- 
rable amounts. 

T o  identify type 2 T cells unambiguous- 
ly, cytokine production analysis was per- 
formed on  single cells (Fig. 1, D and G )  
(1 2). The lines derived from CCR3+-sorted 
cells comprised a high proportion (17%) of 
typical type 2 cells producing large amounts 
of IL-4 and no IFN-y, whereas the lines 
derived from unsorted or CCR3--sorted 
cells comprised only small proportions of 
cells mostly producing intermediate 
amounts of IL-4 (<2%). A second round of 
sorting from partially enriched cell lines led 
to a further enrichment of type 2 cells 
(>SO%) and depletion of type 1 cells (Fig. 
1H) (13). The  expression of CD4 or CD8 
was assessed together with cytokine produc- 
tion in polyclonal cell lines by three-color 
immunofluorescence (1 2). Cells producing 
only IL-4 were found in both CD4+ and 
CD8+ subsets and were enriched in CCR3+ 
and depleted in  C C R 3  lines, as compared 
to unsorted cells (14). W e  conclude that 
CCR3 expression identifies a small popula- 
tion of peripheral blood T cells that gives 
rise to type 2 cell lines in vitro and that 
most likely have acquired this phenotype in 
vivo. 

Fig. 1. CCR3 expression Identified type 2 T cells in 
adult peripheral blood. (A) CCR3 expression on 
PBMC and (B and E) CCR3 expression on poly- 
clonal T cell lines obtained from CCR3- (Rl) and 
CCR3+ (R2) cells are shown. Data are displayed 
on a three-decade logarithmic scale. Dotted line 
represents the staining with isotype-matched 
control antibody. (C and F) Production of IL-4, 
11-5, and IFN-y by the same T cell lines as mea- 
sured by ELlSA and (D and G) IFN-y and 11-4 
production at the single-cell level measured by 
intracellular staining (four-decade logarithmic 
scale) are shown. (H) IFN-y and IL-4 production 
bv CCR3+ cells sorted from the CCR3-enriched 
cell line is shown. The CCR3 staining of this pop- 
ulatlon is shown as a thick line in (E). The cells 
expressing high levels of CCR3 in peripheral blood 
were Identified as basophils by soriing and Gi- 
emsa staining. 

T o  identify the factors that induce 
CCR3 expression in T cells, we cultured 
cord blood na'ive T cells in conditions that 
lead to either type 1 or type 2 polarization. 
Type 2 cell lines polarized in the presence 
of IL-4 plus anti-IL-12 (Fig. 2, A through 
D) (15) comprise up to 50% of CCR3+ 
cells. When  CCR3+ and CCR3- cells 
were sorted and immediately analyzed for 
cytokine production, the CCR3+ cells 
were almost completely of the type 2 phe- 
notype, whereas the C C R 3  cells showed a 
more heterogeneous pattern with few IFN- 
y-producing cells. Conversely, type 1 cell 
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lines polarized in the presence of IL-12 
plus anti-IL-4 (Fig. 2, E through H) con- 
tained very few CCR3+ cells. Interesting- 
ly, the rare CCR3+ cells gave rise to 
clones that produced IL-4 and low or n o  
IFN-y. In  contrast, all clones obtained 
from CCR3- cells produced large amounts 
of IFN-y but n o  IL-4. Thus, CCR3 expres- 
sion is induced in T cells under type 2- 
polarizing conditions and correlates with 
the capacity to produce IL-4 even in the 
rare cells that  develop this phenotype un- 
der type I-polarizing conditions. 

Because both IFN-a (16)  and trans- 
forming growth factor-fi (TGF-@) (1 7)  
can interfere with TH2 development, we 

Fig. 2. CCR3 expression was Induced under type 
2 polarlz~nq cond~tlons and correlates with IL-4 
production.Cytokine production pattern (four-de- 
cade logarithmic scale) and CCR3 expression 
(three-decade logarithmic scale) are shown for 
cell lines obtained from cord blood T cells under 
type 2- (A and B) or type 1- (E and F) polarizing 
conditions. From the type 2-polarized cell line, 
CCR3- (Rl) and CCR3+ (R2) cells were sorted 
and immediately analyzed for cytokine production 
(C and D). From the type 1-polarized cell line, 
CCR3- (Rl) and the rare CCR3+ (R2) cells were 
sorted, cloned by limiting dilution, and the clones 
analyzed for cytokine production by ELlSA (G and 
H). Dashed lines represent the end of the assay. 
Similar results were obtained with six different 
cord blood samples. 

tested whether they may also interfere 
with acquisition of CCR3 expression (Fig. 
3). When  added to the TH2-polarizing 
condition, IFN-a dominantly induced 
generation of T H I  cells, whereas TGF-fi 
inhibited development of both IL-4- and 
IFN-y-producing cells. In  both situations, 
there was an almost. complete inhibition 
of CCR3 expression, indicating that  the 
expression of this receptor is linked to the 
program of TH2 differentiation. 

T o  investigate whether the CCR3 ex- 
pressed on  T cells is functional, we mea- 
sured the increase in intracellular Ca2+ in 
response to eotaxin (Fig. 4) (1 8). A CCR3+ 
but not a C C R 3  T cell clone responded 
with a characteristic rapid rise in intracel- 
lular Ca2+ to stimulation with appropriate 
concentrations of eotaxin. CCR3+ T cell 
clones were also tested for their chemotac- 
tic response to eotaxin by use of a standard 
chemotaxis assay. CCR3+ but not CCR3- 
T cells responded to eotaxin with a similar 
efficiency as to other T cell chemoattrac- 
tants, such as monocyte chemotactic pro- 
tein-1 (MCP-1) and IFN-inducible pro- 
tein-10 (IP-10) (19). 

W e  show that CCR3 is acquired as a 
consequence of type 2 polarization both in 
vivo and in vitro, and is a stable marker of 
type 2 T cells, which allows them to re- 

spond to eotaxin. Together with the report 
that murine TH1 cells selectively express 
ligands for P- and E-selectin (5), our results 
on  human TH2 cells support the concept 
that the T cell differentiation program goes 
beyond the cytokine production pattern 
and involves migratory capacity as well 
(20). 

T h e  expression of the eotaxin receptor 
on  eosinophils, basophils, and TH2 cells 
shows that these three cells can r e s ~ o n d  
similarily to eotaxin as well as other ago- 
nistic chemokines (21 ). Eotaxin expres- 
sion is up-regulated in tissues known to be 
sites of allergic reactions such as the air- 
ways (7)  and is important for the attrac- 
tion of eosinophils leading to lung eosin- 
ophilia (6). However, it is also known that 
the generation and maintenance of a n  
allergic reaction requires antigen-specific 
T,,2 cells as a source of IL-4 and IL-5 that rl 

serve as growth and stimulation factors for 
basophils and eosinophils (22). T h e  pres- 
ence of CCR3 on  TH2 cells and on  T cells 
that colocalize with eosinophils in  dis- 
eased tissues (23) reveals a possible patho- 
genetic mechanism for T cell recruitment 
in  the airways (24)  and provides a target 
for therapeutic intervention. Thus, the 
distribution of eotaxin and of its receptor 
could coordinately and simultaneously at- 

Cytoklne production pat- 
tern and CCR3 expres- 
sion are shown for cord 
blood T cell lines cultured 
with IL-4 plus anti-IL-12 2 
elther alone (A and D), or 

Fig. 3. IFN-a and TGF-p 

together w~th IFN-a (B IFN-y- 
and E) or TGF-p (C and 
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Fig. 4. Induction of ~ntracellular Ca2+ increase in CCR3+ T cells by eotaxin, lntracellular Ca2+ was 
recorded following stimulation with 10 nM eotaxin in a CCR3+ (A) or a CCR3- (B) T cell clone. Both 
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tract to  particular sites the three cell types 
that cooperate to generate an inflamma- 
tory allergic response. 
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Fluorescence-Based Isolation of Bacterial 
Genes Expressed Within Host Cells 

Raphael H. Valdivia* and Stanley Falkow 

A selection strategy was devised to identify bacterial genes preferentially expressed 
when a bacterium associates with its host cell. Fourteen Salmonella typhimurjum genes, 
which were under the control of at least four independent regulatory circuits, were 
identified to be selectively induced in host macrophages. Four genes encode virulence 
factors, including a component of a type Ill secretory apparatus. This selection meth- 
odology should be generally applicable to the identification of genes from pathogenic 
organisms that are induced upon association with host cells or tissues. 

M a n y  bacterial pathogens survive in pro- 
fessional phagocytes by coordinately regu- 
lating the expression of a wide spectrum of 
genes (1) .  Because a microbe's ability to 
survive killing by phagocytes correlates 
with its ability to cause disease (2, 3),  the 
identification of genes that are preferential- 
ly transcribed in the intracellular environ- 
ment of the host is central to our under- 
standing of how pathogenic organisms 
mount a successful infection. So far, selec- 

strain manipulation before gene selection 
(4, 6). 

W e  have develo~ed a selection tnethod- 
ology, on  the basis of differential fluores- 
cence induction (DFI) (7) ,  for the rapid 
identification of bacterial genes induced 
upon association with host cells that would 
work independently of drug susceptibility 
and nutritional requirements. Green fluo- 
rescent protein (GFP) (8) was used as a 
selectable marker in coniuction with fluo- 

n g  from partally enrchedcell Ines resulted in all cas- tions for in vivo- expressed genes (4-6) rescence-activated cell sbrting. Host cells 
es n a substantial enrchment n CCR3+ cells. Results 

to those in Fig, were obtained in have been limited to bacterial pathogens infected with a bacterium bearing a tran- 
cell lnes obtained from two healthy and three &pic with tractable genetic systems, because of scriptionally active gfp gene fusion were 
individuals, In three out of five cases the CCR3-de- the requirement for high frequencies of ho- separated by a fluorescence-activated cell 

~ ~ $ f - ~ ~ ~ ~ ~ ~ , " ~ , " , ~ ~ e f ~ ~ ~ $ { ~ ~ ~ ~ ~ ~  mologous recombination and extensive sorter (FACS) and lysed, and the bacteria 
were found in the product~on of L-10, IFN-y, IL-2, recovered were then grown under ex vivo 
TNF-a, or TNF-p, or between healthy and atopc do- 
nors, A corrration between CCR3 expressun and Department of Microbiology and lmmunology Stanford conditions Bacteria were then by 

production of lL-4 but not IFN-y was obserJed 13 University School of Medcine, Stanford, CA94305, USA. FACS on  the basis of low to no fluores- 
ant~gen-specif~c T cell clones (14). *To whom correspondence should be addressed E-mail: cence in the absence of host Because 
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