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transduction are not fully characterized, the activation of Bru-
ton’s tyrosine kinase and Janus kinase 2 kinases, rapid tyrosine
phosphorylation of B¢ and Src homology 2/Sr¢ homology
3-containing cellular proteins, and the induction of the tran-
scription of several nuclear proto-oncogenes are essential for
signal transduction (26-32).

Transgenic mice expressing the fL-5 gene exhibit elevated lev-
els of serum IgM, IgA, and IgE, and an increase in the number of
B-1 cells and autoantibody production and show persistent eosin-
ophilia (33, 34). IL-5Re™’~ mice and IL-57'~ mice show a
decrease in B-1 cells in the peritoneal cavity and in B-1 cell-derived
surface (s)IgA* cells in the LP (35-39). Although these results
suggest that IL-5 is an important cytokine for B-1 cell development,
maintenance, or triggering, the role of IL-5 in mature B-1 cell
maintenance and activation in vivo remains to be properly evaluated.

This study exarnines whether the IL-5/IL-5R system plays an im-
portant role in the homeostatic proliferation and survival of mature
B-1 cells. We show that IL-5 regulates the cell number and cell size
of B-1 cells in the absence of T cells or mast cells. We also demon-
strate the role of IL-5 in gut-associated B-1 cell response to CD40
and LPS.

Materials and Methods
Mice

C57BL/6Y (IL-5Ra™*) and W/W" mice were purchased from Japan SLC
(Hamamatsu, Japan). Recombination-activating gene (RAG)2-deficient
(RAG-27"") mice and TCRS & double null mutant (TCRE™'™ 6™'7) mice
were purchased from The Jackson Laboratory (Bar Harbor, ME). The IL-
SRa null mutant (IL-5Ra™"~) mice (35) used in this study were back-
crossed with C57BL/6] mice for >10 generations. IL-5 null mutant (IL-
57'7) mice on a C5TBL/6 background (38) were donated by M. Kopf
(University of Freiburg, Germany). Al of the mice were bred and main-
tained in animal facilities under specific pathogen-free conditions using
ventilated microisolater cages in the experimental animal facility at the
Institute of Medical Science, University of Tokyo., All experiments were
conducted according to our institution’s guidelines for the care and treat-
ment of experimental animals.

Administration of anti-IL-5 mAb and LPS

A single i.p. administration of anti-IL-5 mAb (clone NC17) or isotype-
matched control IgG into 6- to 8-wk-old mice (1 mg in a volume of 250 pl per
mouse} was performed (40, 41). Six days after treatment, peritoneal washouts
were obtained and analyzed. LPS (E. coli serotype ©55: B5; Sigma-Aldrich,
St. Louis, MO) dissolved in PBS was orally administered (0.1 mg in a volume
of 200 pl per mouse per week) for 3 wk into the gut of 8-wk-old mice through
a 1-mm diameter polyethylene tube. Seven days afier the last administration,
the mice were anesthetized with ether, sacrificed, and analyzed.

Cell preparation

Single cel] suspensions were prepared from the lymphoid organs of 6- to
8-wk-old mice. A standard procedure was used to prepare single cell sus-
pensions from the peritoneal exudate cells (PECs), mesenteric lymph nodes
(MLNs), PP, SP, lung, and the LP of the small intestine. Briefiy, PECs
were obtained by washing the peritoneal cavity with HBSS (Life Technol-
ogies, Grand Island, NY) containing 3% FCS. Monenuclear cells from
MLNs or PP were isolated by a mechanical method using a stainless steel
screen, Mononuclear cells from the lung and LP were isolated by a pro-
cedure of shaking in an RPMI 1640 medium (Life Technologies) contain-
ing 5 mM EDTA and by enzymatic dissociation procedures with collage-
nase type VIII (Sigma-Aldrich) (37).

Purification of B-1 cells

PECs were collected from >10 mice and were mixed together. After washing
rwice with PBS containing 1% BSA, the cells were incubated with anti-FeyR
(2.4G2; American Type Culture Collection, Rockville, MD) to prevent the
nonspecific binding of the labeled Abs. After another washing, macrophages,
B-2 cells, and T cells were depleted from the cells using a MACS system
(Miltenyi Biotec, Cologne, Germany) after incubation with a mixture of bio-
tinylated Abs (anti-F4/80, anti-CD23, and anti-CD3) and streptavidine-cou-
pled microbeads (Miltenyi Biotec). In B-1 cell transfer experiments, we took
another purification step of B-1 cells using a FACSVantage (BD Biosciences,
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San Jose, CA) to obtain B-1 cells with a higher degree of purity. In addition
to using the MACS system, the resulting F4/807/CD237/CD3™ cells were
stained with FITC-labeled anti-CD23 and PE-labeled F(ab'), of anti-IgM, and
the CD23 7 sIgM™ cells were sorted using a FACSVantage.

Flow cytometry

The cells (1-10 X 10%) were stained with predetermined optima! concen-
trations of the respective Abs together with 2.4G2 (10 pg/ml). After wash-
ing, the cells were analyzed on FACScan or a FACSCaliber instrument
(BD Biosciences). The following mAbs were used: biotinylated anti-IL-
5Ra (T21) (42); FITC-labeled, PE-labeled, or biotinylated anti-CID23
(B3B4), PE-labeled or biotinylated anti-CD35 (53-7.3) and biotinylated anti-
CD3 (145-2C11) (all purchased from BD PharMingen, San Diego, CA);
FITC-labeled, PE-labeled, or biotinylated anti-B220 (RA3-6B2), PE-labeled
F(ab') , of anti-mouse IgM, and FITC-labeled or biotinylated anti-Mac-1 (M1/
70) (all obtained from Caltag Laboratorics, Burlingame, CA); PE-labeled anti-
Toll-like receptor 4 (TLR4)/MD2 (MTS 510) (43) and PE-labeled an-RP105
(RP/14) (44); biotinylated ant-CD40 (1C10; R&D Systems, Minneapolts,
MN), biotinylated anti-F4/80 (A3-1; Serotec, Oxford, U.K.); and biotinylated
anti-IgA (Southemn Biotechnology, Birmingham, AL). PE-labeled streptavidin
(Ancell, Bayport, MN) or allophycocyanin-conjugated streptavidine (BD
PharMingen) were also used. In some stainings, 2 pg/ml 7-amino-actinomycin
D (Sigma-Aldrich) was used to gate out dead cells.

Cell transfer and homeostatic proliferation assay

PECs obtained from IL-5Re™'* or IL-5Ra ™" mice were washed with PBS
and suspended in PBS at 1 X 107 celis/ml. CFSE (Molecular Probes, Eugene,
OR) was then added to the cell suspensions at a final concentration of 1 M.
The cell suspensions were incubated at 37°C for 10 min and washed three
times with cold sterile PBS. The resulting CFSE-labeled cells (1 X 10°) were
injected i.p. into IL-5Ra™"* or RAG-27/" mice. In some experiments, sorted
B-1 cells (1 X 10%) were injected i.p. into RAG-2™'" mice. The PECs of
recipient mice were recovered on days 2, 30, and 60 after the cell transfer, and
their cetlularities in the B-1 cell compartment were analyzed.

RNA isolation and semiguantitative RT-PCR

Total RNA was isolated from various mouse tissues using the SV Total RNA
Isolation System (Promega, Madison, WI), according to the manufacturer’s
instructions, and first strand ¢DNA templates synthesized by Superscript I1
reverse transcriptase (Life Technologies) using random primers (TaKaRa,
Kyoto, Japan). Serial dilutions of ¢cDNA templates were subjected to PCR
amplification by vsing primer sets encompassing several introns for IL-5
(forward primer, 5'-ATGGAGATTCCCATGAGCAC,; reverse primer, 5'-
GCACAGTTTTGTGGGGTTTT) or hypoxanthine phosphoribosyltransferase
(HPRT; forward primer, 5'-TGCTCGAGATGTCATGAAGG; reverse
primer, 5'-TTGCGCTCATCTTAGGCTTT). The cycling parameters were 1
min at 94°C, 1 min at 60°C, and 1 min at 72°C for 35 cycles to detect JL-5
mRNA or 27 cycles for HPRT. The PCR products were separated through
1.0% agarose gel and were stained with ethidium bromide.

Assay for B-1 cell proliferation and differentiation

MACS-sorted PECs were cultured in an RPMI 1640 medium supple-
mented with 8% heat-inactivated FCS, 2 mM glutamine, 5 uM 2-ME,
penicillin (100 U/nl), and streptomycin (100 pg/ml) in 96-well flat-bottom
microtiter plates (1 X 10%well in 200 pl of medium) with or without
stimufants. Anti-CD40 mAb (1C10; R&D Systems; 1 ppg/ml), LPS (40
pg/mly, IL-4 (1000 U/ml), or a selected combination of these agents was
added at the onset of cell culture. For the proliferation assay, cefls were
pulse-labeled with [*H]thymidine (0.2 uCi per well) during the last 8 h of
the 72-h culture period, and the incorporated [*Hithymidine was measured
using a MATRIX 96 Direct Beta Counter (Packard, Meriden, CT). The
results were expressed as the mean cpm and the SD of the duplicate cul-
tures. For determining IgM, IgG1, and IgG3 secretion, cells (1 X 10%in a
200-u] culture) were cultured for 7 days. The cultered supemnatants were
used for ELISA 1o determine the amounts of IgM, IgGl, and 1gG3. Each
experiment was repeated at least three times.

Enumeration of Ig-producing cells using ELISPOT

An ELISPOT assay was conducted according to the procedures previously
described (37). The 96-well filtration plates with a nitrocellulose base (Mil-
lipore, Bedford, MA) were coated with 5 pg/ml anti-Ig (Southern Biotech-
nology) overnight and were blocked with a culture mediumn. The moeno-
nuclear cells suspended in the culture medium were added at various
concentrations and were incubated for 6 h. After washing, 1 ug/ml HRP-
conjugated anti-IgM, anti-IgG, or anti-IgA Ab (all obtained from Southern
Biotechnology) was added, and the plates were incubated for 10 h at 4°C.
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After the incubation, the spots were developed with 2-amino-9-ethylcar-
bazole containing hydrogen peroxide (Polysciences, Warrington, PA}.
Reddish-brown-colored spots were counted as Ab-forming cells using the
KS ELISPOT compact system (Carl Zeiss, Jena, Germany).

ELISA

Freshly collected fecal samples were weighed, dissolved in PBS (0.1 g/ml),
and centrifuged at 15,000 rpm for 5 min, The supernatants were used as
fecal extract. The amount of each Ig isotype in sera and in fecal extract was
measured by sandwich ELISA with Abs specific for each murine (m)Ig
isotype according to the procedures previously described (36). In brief,
96-well trays (Greiner, Frickenhausen, Germany) were coated with 10
pg/ml isotype-specific goat anti-mlg polyclonal Abs for total Igs. Samples
were added to the wells and the trays were incubated for 2 h. After washing
with PBS containing 0.05% Tween 20 (washing buffer), biotinylated iso-
type-specific goat anti-milg polyclonal Abs were added to each well. After
washing, HRP-streptavidine was added to each well, and the incubation
continued for ! h. Finally, the trays were washed with the buffer, and
100-p1 aliquots of substrate, o-phenylene-diamine (final 0.4 mg/mi), and
hydrogen peroxide (final 0.015%), dissolved in 0.1 M citrate buffer (pH
5.0), were added to each well. Enzyme reaction was terminated by adding
2 M sulfuric acid, and OD at 495 nm was measured with a V-max kinetic
Micro Plate Reader (Molecular Devices, Sunnyvale, CA). Using myeloma
proteins (BD PharMingen), standard curves were generated for each iso-
type and the concentration of mlg was determined.

Results
Decrease in cell number and cell size of mature B-1 cells by
administration of anti-IL-5 mAb in vive

As we reported previously, IL-SRa™'~ mice have a significant
reduction in cell number and cell size of [gM™ CD5™ B-lacells in
the PECs (36). When we analyzed the entire IsM* CD23~ B-1
cell populations, a significant reduction in percentage and smaller
cell size of B-1 cells was also observed (Fig. 1A). These results
were confirmed by the analysis of IgM™ CD35™* B-1 cell populations.
We also found that the total number and size of B-1 cells in the PECs
decreased in IL-57'" mice (data not shown). In contrast with B-1
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cells, the total percentage and size of IgM ™ CD23™ (or IgM'*CD57)
B-2 cells in IL-5Ra ™'~ mice were similar to those of wild-type mice
(Fiz. 1A). The tetal numbers of B-1 cells in IL-5Ra™™* and IL-
SRa™’™ mice were 4.2 X 10° and 3.1 X 10° on average, respectively,
(statistically significant, p << 0.05), whereas those of B-2 cells were
4.0 X 10° and 4.3 X 10°, respectively (Table I).

Our first question is whether the abnormalities observed in B-1
cells from IL-5Re™"~ and IL-5~'" mice originated in the develop-
mental process or in fully developed mature B-1 cells. We adminis-
tered anti-IL-5 mAb i.p. into a group of 8-wk-old wild-type mice,
which developed mature B-1 cells. As a control, isotype-matched rat
IgG was injected in another group of mice. A smalier B-1 cell size
was observed in anti-II-5-treated mice 3 days after treatment (data not
shown). Six days after anti-IL-5 treatment, not only cell size but also
the total percentage of B-1 cells significantly decreased (Fig. 1B). The
total numbers of B-1 cells on average in the control and anti-IL-5-
treated mice were 4 X 10° and 3.2 X 10°, respectively (statistically
significant, p < 0.05), whereas those of B-2 cells were 3.8 X 107 and
3.7 X 10°, respectively (Table Tj. The levels of reduction in B-1 cell
number and size in anti-IL-5-treated mice were similar to those of B-1
cells in IL-5Ra™~ mice. Anti-IL-5 treatment did not cause signifi-
cant changes in total number or cell size in the IgM*CD23* (ar
IgM*CD57) B-2 cell compartment (Fig. 1B). We infer from these
results that the abnormality of B-1 cells observed in IL-5Ra ™~ mice
is reproduced in mature B-1 cells in wild-type mice by blocking IL-5
signals.

Impaired survival and homeostatic proliferation of B-1 cells in
IL-5Ra™"" mice

To examine the role of IL-5 in maintaining the mature B-1 cell
compartment in more detail, PECs from IL-5SRa*'* or IL-5Ra ™~

mice were labeled with CFSE and transferred into the peritoneal
cavity of unirradiated IL-5Ra™/* mice, where the normal number
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Table 1. Reduced absolute cell number of B-1 cells by blocking IL-5 and IL-5R interaction®

IL-5Ra™"* IL-5Ra ™'~ Control IgG Anti-IL-5
B-1 (IgM*CD23™) 4.2 x0.36 3.1 £ Q.34 4.4 *0.32 3.2x017*
B-1a (igM*CD5™) 38+028 2.8 *+0.39* 40 *041 3.0 x0.23*
B-2 (IgM*CD23") 4.0+042 43 +0.52 38 +x0.21 3.7+ 0.33

“ The resulis indicate the mean cell numbers = SEM (X 10°) of indicated groups of five mice.
*, p < 0.05 compared with IL-5Ra™" or control IgG-administered mice.

of B-1 cells resides. The CFSE™ B-1 and CFSE™ B-2 cells in the
PECs of the recipient mice were examined by FACS apalysis on
day 2 or on day 30. As shown in Fig. 2A (left panel), the proportion
of CFSE*IL-5Ra™** B-1 cells on day 30 (94%) was close to that
on day 2, suggesting the long-term survival of CFSE-labeled B-1
cells in the recipient. In contrast, the proportion of CFSE* IL-
5Ra~'" B-1 cells was reduced to 39% on day 30 compared with
that on day 2. The intensity of CFSE labeling showed a broad
distribution in both IL-5Re™’* B-1 and IL-5Ra ™"~ B-1 cells on
day 30 (Fig. 2B), indicating that cells have divided stightly. How-
ever, we could not estimate how many times the B-1 cells divided,
because of faint intensities of CFSE labeling. CFSE* IL-5Ra™'*
B-2 cells in the recipient on day 30 were reduced to 55%, which
was comparable with CFSE*IL-3Ra ™"~ B-2 cells (52%) (Fig. 24,
right panel). We examined the distribution of CFSE-positive B
cells from IL-5Re™™ or IL-5Re™” mice in the LP, PP, and
MLN:s of recipient mice 30 days after cell transfer. CFSE-positive
B cells were rarely detected in the LP (data not shown). We ob-
served some CFSE-positive B cells (0.02-0.03% of the total cells)
in MLNs and PP (data not shown). However, there was no signif-
icant difference between recipient mice transferred IL-5Ra*/* B-1
and IL-5Ra™""B-1 cells. Thus, the survival of mature B-1 cells,
but not B-2 cells, in the peritoneal cavity was severely impaired in
the absence of IL-5Ra.

Next, the role of IL-5 in the self-replenishing activity of B-1
cells was examined. Peritoneal exudate cells from IL-5Ra™'" or
IL-5Ra™'" mice were CFSE-labeled and transferred into RAG-
27'" mice. On day 30, the proportion of CFSE* IL-5Ra™*'* B-1
cells in the recipient RAG-27'" mice increased ~3-fold (276%)
compared with that on day 2, whereas the proportion of CFSE™
IL-5Ra™"" B-1 cells did not increase (70%) (Fig. 34, upper
panel). The CFSE intensity of IL-5Ra™"" B-1 cells somewhat
decreased, but maintained higher intensities than did IL-5Ra™"*
B-1 cells (Fig. 3B, lower left panel). The difference in B-2 cell
number on day 30 in the RAG-27/" recipient mice between IL-
5Ra*'" B-2 cells and IL-5Ra™/~ B-2 cells (62% and 48%, re-
spectively) was not obvious compared with that of B-1 cells (Fig.
34, lower panel). The CFSE intensity of IL-5Ra~’'~ B-2 cells was
comparable with that of IL-5Ra™*’* B-2 cells (Fig. 3B, lower right
pornel). In the LP 30 days after cell transfer, the proportion of
CFSE*B220 sIgA™ cells in RAG-2~'" mice transferred with IL-
5Ra™'* cells was significantly higher than that transferred with
IL-5Ra™"" cells (Fig. 3C, left panels). We examined the levels of
CFSE in sIgA™ cells in the LP in recipients transferred IL-5Ra*'*
PECs or IL-5Ra™'~ PECs and found that the levels of CFSE of
sigA™ cells were very low and were similar between the two ex-
perimental groups (Fig. 3C, right panels). Intriguingly, ~3-fold
higher levels of IgM, IgG1, IgG3, and IgA in serum were observed
in RAG-2™'" mice transferred IL-SRe™"™ cells compared with
those transferred with IL-5Ra™'™ cells, whereas the serum levels
of IgG2a and IgG2b were comparable between the two groups
(Fig. 3D, left panel). The amount of IgA in fecal extracts was also
~3-fold higher in the recipients of IL-5Ra™'* cells compared with
that in IL-5Ra ™ cells (Fig. 3D, right panel). These results imply

that IL-5 plays a critical role in the homeostatic proliferation of
mature B-1 cells and leads to the maintenance of optimal levels of
Ig production, although these processes may occur inefficientty
even in the absence of IL-5.

Homeostatic proliferation and Ig production of B-1 cells in the
absence of T cells

We examined the effect of T cell dependency in the IL-5-mediated
homeostatic proliferation of mature B-1 cells. IgM*CD23~ B-1
cells were purified (>>98% purity) from the PECs of IL-5Ra™'* or
IL-5Ra™’~ mice by cell sorting and were transferred into RAG-
27’ mice. As shown in Fig. 44, the proportion of IL-5Ra™’* B-1
cells in PECs increased ~2-fold (198%) on day 30 and ~3-fold
(276%) on day 60 in the RAG-2"'" recipient mice. An increase in
both the IgM*CD23~CD5*B-1a and IgM*CD23~CD5 B-1b
cell populations was also observed (Fig. 44, center and right
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FIGURE 2, Impaired survival of mature IL-SRe™'~ B-1 cells. CFSE-
labeted PECs from IL-SRa™*'* or [L-5Re™'" mice were transferred (1 X
10° cells per head) into the peritoneal cavity of IL-5Ra™*'* mice. On days
2 and 30 after cell transfer, the recipient mice were killed and the numbers
of CFSE* B-1 (IgM*CD237) and B-2 (IgM*CD23™) cells in PECs were
analyzed by flow cytometry. Two and three recipient mice in each group
were analyzed and the mean * SEM is shown (A). The mean cell number
of CFSE™ peritoneal cells from two mice on day 2 was set as 100%
{A). Representative histograms show the intensity of CFSE in B-1 cells
(CFSE*'#™"CD23") and B-2 cells (CFSE*IgM*CD23") in the peri-
toneal cavity of the recipients (8). The data shown are representative
results from three independent experiments.
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FIGURE 3. Impaired homeostatic B-1 cell proliferation and Ig production from IL-SRa ™'~ mice. A, [L-5Ra™'" B-1 cells have a defect in homeostatic
proliferation. CFSE-labeled peritoneal cells were injected ip. into RAG-2"'" mice. The recipient mice of each group were analyzed as described in Fig.
2. B, IL-5Ra ™"~ B-1 cells maintain high CFSE intensity. Representative histograms depict CFSE intensity in B-1 cells and B-2 cells in PECs of RAG-2~/~
recipient mice. C, IL-5Re™"" B-1 cells migrate to the LP, but the number of slgA™ cells is decreased. Cells in the LP were purified as in the method
described and were stained with anti-B220 and anti-IgA. Representative two-color fluorescence plots show B220™ and sIgA™* cells in the LP of the recipient
mice on day 30. Representative histograms depict CFSE intensity in sIgA™ cells in LI of RAG-27/" recipient mice. The percentages represent the fractions
of the lymphocyte gated live cells that fall into the indicated box. Representative results of three independent experiments are shown (A-C). D, IL-5Ra—"'~
peritoneal cells transferred into RAG-2'~ mice produce low levels of Igs. The concentration of Ig subclasses in serum or in fecal extracts in the RAG-2-/~
recipient mice on day 30 was determined by isotype-specific ELISA. The mean values of [gs in the indicated groups of recipient mice are represented as

a bar. *, p < 0.05 by Student’s f test.

panels), whereas CD5™#® T cells or CD23* B-2 cells were not
detected even 60 days after cell transfer (data not shown). In con-
trast, IL-SRa~’~ B-1 cells did not show a significant increase on
day 30 (114%) or on day 60 (103%) compared with that 2 days
after cell transfer (Fig. 44, left panel). IL-5SRa™"~ B-1a cells de-
creased to ~71% on day 30 and on day 60, whereas IL-5Ra™""
B-1b cells showed a small but significant increase up to 129% on
day 30 (Fig. 4A, center and right panels). These results indicate
that mature B-1 cells undergo homeostatic proliferation in T cell-
deficient conditions. The serum levels of IgM, IgG3, and IgA were
elevated to ~3- to 5-fold in the recipient transferred IL-5Ra*’*
B-1 cells compared with those of IL-SRa™"~ B-1 cells (Fig. 48).
The Ig levels of IgG1 and IgG2 were virtually undetectable in both
groups of recipient mice on day 30 (Fig. 4B and data not shown).

Production of IL-5 in T cell- and mast cell-deficient mice

IL-5 is produced by T cells, mast cells, and eosinophils once they
are activated (22). In particular, not only o3T cells in the perito-
neal cavity and intestinal intraepithelial lymphocytes (8, 45), but
also freshly isolated y8T cells in the intraepithelial lymphocytes
are capable of preducing IL-5 (45). We injected anti-IL-5 mAb
into TCRB™'~8~'" mice and examined B-1 cell survival in T
cell-deficient conditions. Anti-IL-5-treated TCRA™~8™'~ mice
showed a decrease in B-1 cell number and cell size 6 days after

treatment, compared with the control group of mice (Fig. 54, left
panel), Anti-IL-5 injection into W/WY mice also cansed a decrease
in B-1 cell size {(Fig. 5A, right panel), although the total B-1 cell
number did not change significantly. The total number and size of
B-2 cells did not change in either the TCRB™/~5™'~ mice or the
W/WY mice as a result of anti-IL-5 treatment (data not shown).
To evaluate JL-5 mRINA expression in tissues, total RNA was
isolated from the various tissues of RAG-2™/~, TCRE™~67/,
and W/W" mice and was used for /L-5 mRNA expression analysis.
As controls, wild-type mice and IL-5~'" mice were also used.
RT-PCR analysis revealed significant /L-5 mRNA expression in
the lungs, spleen, small intestine, and stomach of wild-type mice,
RAG-27'" mice, TCRB™~5~, and W/W" mice (Fig. 5B). A
lesser extent of IL-5 mRNA expression was observed in PECs. We
did not detect any IL-5 mRNA expression in the tissues of the
IL-57/ mice. JL-5 mRNA expression was not cbserved in the
liver. To examine IL-5 mRNA expression in cells other than T
cells, mast ceils, and eosinophils, we purified ¢-kir"IL-5SRa™ cells
by sorting (>99% purity) from the tissues of RAG-2"~ mice. The
RNA from these cells was isolated and used for RT-PCR analysis.
As shown in Fig. 5C, high levels of /L-5 mRNA expression were
observed in ¢-kit"IL-5Ra” cells in the lungs and small intestine of
RAG-2"'" mice. The c-kir IL-5Ra™ PECs also expressed IL-5
mRNA, although the expression levels were low. These results
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FIGURE 4, T cell-independent homeostatic proliferation of B-1 cells.
A, B-1 cells from IL-SRa™™ mice but not from IL-5Ra™"" mice show
homeostatic proliferation even in T cell-deficient conditions. Purified B-1
cells were transferred (1 X 10° per head) i.p. into RAG-2~'~ mice. The
proportion of B-1 {(IgM*CD237), B-la (IgM*CD23-CD5*), or B-1b
(IgM*CD237CD57) cells in the PECs of RAG-2"'" mice was analyzed
by flow cytometry. The recipient mice of each group were a2nalyzed as
described in Fig. 2 on days 2, 30, and 60. The data shown are representative
results from two independent experiments. B, RAG-27'" mice that have
received IL-5Ra™"" B-1 cell transfer show low levels of Igs. On days 30
and 60, the concentrations of Igs in the serum of the recipient mice were
determined by isotype-specific ELISA. The mean values of the indicated
groups of mice are represented as a bar. *+, p < 0.01; *, p < 0.05; by
Student’s ¢ test,

suggest that IL-5 is also produced by non-T/non-mast/non-eosin-
ophil cells and may support the maintenance and Ab production of
mature B-1 cells in vivo.

Defective responses of IL-5Ra™" B-1 cells to anti-CD40 mAb
and LPS

B-1 cells that were smaller in size in IL-5Ra mice and anti-
IL-5-treated mice led us to address the possibility that these small
cells might show an impaired response to various activation sig-
nals. We purified B-1 cells in PECs from IL-5Re™'* and IL-

-

5Ra™"" mice and stimulated them with anti-CD40, LPS, IL-4, or

combinations of these. Interestingly, IL-5Ra ™"~ B-1 cells showed
lower proliferation than did IL-SRa™/* B-1 cells in response to
anti-CD49 (58% of IL-5Ra™™ cells) and LPS (49% of IL-5Ra™'™*
cells) (Fig. 6A). Similar results were obtained when the cells were
stimulated with anti-CD40 plus IL4 and LPS plus IL-4, IL-
5Ra™'" B-1 cells secreted significantly lower levels of IgM when
they were cultured with anti-CD40, LPS, anti-CD40 plus 1L-4, or
LPS plus IL-4 than they did IgM secreted from IL-5Ra™*'* B-1
cells (Fig. 68, upper panel). Although IL-5Re™"~ B-1 cells were
capable of producing IgG1 upon stimulation with anti-CD4Q plus
IL-4 or LPS plus IL-4, the amount of IgG1 preduced by these cells
was significantly lower (~55% and ~70%, respectively) than the
amount of IgG1 produced by IL-5Ra™™ B-1 celis (Fig. 6B, mid-
dle panel), IgG3 production induced by LPS was also impaired in
IL-5Ra™'~ B-1 cells (Fig. 6B, lower panel). In contrast with B-1
cells, IL-5Ra™* and IL-5Ra™"~ B-2 cells in the spleen responded
comparably upon anti-CD40 or LPS stimulation (data not shown).

6025

Regulation of CD40 expression in B-1 cells by IL-5

One possible reason for the impaired response of IL-5Ra ™"~ B-1
cells to anti-CD40 may be the impaired expression of CD40. We
compared the expression levels of CD40 on IL-5Ra™/~ B-1 cells
with those on IL-5Ra™*’* B-1 cells and found that IL-5Ra "~ B-1
cells showed a significantly lower expression of CD40 than did
IL-5SRa™"™ B-1 cells {Fig. 7A). In contrast with B-1 cells, IL-
5Ra™’" B-2 cells showed CD40 expression comparable with that
of IL-5Ra™'* B-2 cells. CD40 expression on IL-57/~ B-1 cells
was also lower than on wild-type B-1 cells (data not shown). B-1
cells from the anti-IL-5-treated mice showed reduced CD40 ex-
pression 6 days after treatment, whereas CD40 expression on B-2
cells was not affected (Fig. 7B). Conversely, IL-3 stirnulation of
IL-57'~ B-1 cells ephanced CD40 expression, whereas CD40 ex-
pression on B-2 cells was unaltered (Fig. 7C). These results
strongly suggest that the IL-5 signal is important for CD40 ex-
pression and CD40-related activation in B-1 cells.

Defective IgA production in LPS-administered IL-5Ro™"" mice

As described previously, IL-5Ra™"" B-1 cells respond poerly to
LPS stimulation (Fig. 6). Because TLR4/MD2 and RP105 ex-
pressed on B cells play an essential role in LPS-mediated B cell
activation (43, 44), we examined TLR4/MD2 and RP105 expres-
sion on B-1 cells. IL-5Ra*'* B-1 cells showed very low levels of
TLR4/MD?2 expression and significant levels of RP105 expression.
The expression levels of TLR4/MD2 and RP105 on B-1 cells were
comparable between IL-5Ra™*’* B-1 and IL-5Re™’~ B-1 cells
(Fig. 84). IL-5 might not be involved in the regulation of TLR4/
MD?2 or RP105 expression, but rather might participate in modu-
lating LPS-induced intracellular signaling.

LPS is capable of inducing differentiation of B-1 cells in gut-
associated lymphoid tissue (46). We orally administered LPS to
IL-5Ra** and IL-5Re ™~ mice and examined Ig levels in serum
and fecal extracts by ELISA. IgA levels in serum and fecal extracts
in LPS-administered IL-5Ra™*'* mice were elevated ~40% and
~400%, respectively, compared with those in the PBS-treated
control group of mice. The levels of other Ig isotypes were com-
parable with those in the PBS-treated c¢ontrol mice (Fig. 8B). In
contrast with the IL-5Ra™*'™ mice, the IgA levels in serum and
fecal extracts in the IL-5Ra™'~ mice did not increase as a result of
oral LPS administration (Fig. 8B). To determine whether impaired
IgA production due to LPS administration in IL-5Ra ™~ mice was
because of a decrease in IgA-producing cells, mononuclear cells
were isolated from different tissues in LPS-administered mice and
isotype-specific ELISPOT assays were performed. As shown in
Fig. 8C, we detected a significant number of Ig-producing cells in
the LP and PP in both IL-5Ra*'* and IL-SRe™'" mice. Impor-
tantly, the number of IgA-producing cells in the LP and PP was
significantly lower in LPS-administered IL-5Ra™"™ mice than in
LPS-administered IL-5Ra*‘* mice. The number of IgM-produc-
ing cells in PECs in IL-5Ra™"" mice was also lower than in IL-
5Ra™*’* mice, whereas their splenocytes showed a number of
IgM-producing cells comparable with that in IL-5Ra™'* mice.
These results indicate that IL-5 signals are required for cells in the
LP and PP to induce the optimal LPS response for terminal dif-
ferentiation into Ab-producing ceils in vivo.

Discussion
IL-5 and B-1 cell maintenance

A significant reduction in B-1 cells has been shown in IL-5Ra™"~
and IL-5/~ mice (35, 38) and in 129 mice whose B cells show
impaired response to IL-5 (47). These results imply that IL-5 is a
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crucial cytokine for B-1 cell development or maintenance. Sup-
porting this notion, we showed B-1 cells that were fully restored in
number and function in TL-SRe™"" mice due to the enforced ex-
pression of IL-5R« by crossing with IL-5Ra transgenic mice (36).
It should be noted that the decrease in B-1 cell proportion and
number is more obvious in young IL-5Ra ™'~ mice than in older
ones. This suggests that the IL-5 signal is at least required to fa-
cilitate B-1 cell development. However, it is not clear whether IL-5
is required for the maintenance of mature B-1 cells. Thus, the key
question is to what extent IL-5 is involved in mature B-1 cell
survival and homeostatic proliferation.

This study demonstrates the marked impairment of the mainte-
nance of mature B-1 cell survival and its homeostatic proliferation
by blocking IL-5 signals. Intriguingly, the administration of anti-
IL-5 mAb into [L-5Re™"* mice could induce a rapid reduction in
the total number and size of B-1 cells within 6 days to a degree
comparable with that observed in IL-5Ra™'~ B-1 cells (Fig. 1B).
Cell transfer experiments of CFSE-labeled B-1 cells to wild-type
mice revealed that CFSE™ B-1 cells from wild-type mice survived
longer in the peritoneal cavity than did those from IL-5Re™~ B-1
cells (Fig. 2). This may not be due to the impairment of the mi-
gratory activity of IL-5Ra™’~ B-1 cells, because the distribution
pattern of CFSE-positive IL-5Ra™"" B cells in the LP, PP, and
MLNs in the recipient mice 30 days after cell transfer was similar
10 that of CFSE-positive IL-5Ra™* B celis (data not shown). We
were surprised to see CFSE-positive B-2 cells (>>50% more than
starting cells) in the recipients 30 days after cell transfer, because
B-2 cells are thought to be recirculating cells that do not reside in
the peritoneal cavity. A proportion of B-2 cells in the peritoneal
cavity tend to reside in or to migrate to the peritoneal cavity.

CFSE-labeled B-1 cells of wild-type mice expanded in the peri-
toneal cavity on day 30 of cell transfer in the RAG-2"'" mice,

5
157" N e CEES HPRT

Lung Sl PEC
e e
o= T IL-5

TR o XSEm HPRT

whereas IL-5Ra™"~ B-1 cells did not (Figs. 3, A and B, and 44).
This again may not be due to the enhanced migration of IL-
5Ra™'" B-1 cells in RAG-27/~ mice to the B cell compartment
other than in the peritoneal cavity, because IL-5Ra™""slgA* B
cells resided in the LP to iesser extent than did IL-5Ra™/*sIgA™
B cells (Fig. 3C). The CFSE-labeled B-2 cells in RAG-2™'" mice
expressed a wide range of CFSE labeling intensities (Fig. 3B). It is
likely that cotransferred T cells may expand in the peritoneal cav-
ity of RAG-2"' recipient mice because of their ability to homeo-
statically proliferate, during which they may produce cytokines
that induce the proliferation of B-2 cells. Alternatively, the B-2
cells that we detected may have been contaminated B-1 cell pro-
genitors with long-lived and self-replenishing activity.

We were surprised to observe that both IL-SRa*'*sIgA™* B
cells and IL-5Ra /" sIgA* B cells showed relatively low CFSE
labeling (Fig. 3C), suggesting extensive cell divisions before dif-
ferentiation to sIgA™ B cells. Although CFSE intensities of B cells
were similar, a reduced proportion of sIgA™ B cells in the LP of
RAG-27'" mice transferred with IL-SRa ™'~ B cells was observed
compared with mice transferred with IL-5Ra™*'* B cells. This may
be due to the impairment of cell survival and expansion of IL-
5Ra™'" B-1 cells, although a small proportion of IL-5Re™'~ B-1
cells may be sufficient for proliferation and differentiation to
sIgA™ B cells. Qur results imply that the IL-5/IL-5R system plays
an important role in maintaining mature B-1 cell survival and ho-
meostatic proliferation in our short-term cell transfer assay.

IL-5-dependent B-1 cell maintenance in T cell- and mast cell-
deficient mice

Although it is well known that T cells are a major IL-5 producer,
we observed IL-5-mediated homeostatic proliferation of purified
B-1 cells in recipient RAG-2™/" mice (Fig. 4). It was possible that
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FIGURE 6. Defective activation of IL-5SRa™"~ B-1 cells to anti-CD40
mAb or LPS. A, IL-5Ra™" B-1 cells have defective proliferative re-
sponses 10 anti-CD40 mAb or LPS. B-1 cells purified by the MACS system
were cultured (1 X 10° cells in a 200-1 culture) for 3 days with anti-CD40
mAb (1 pg/ml), LPS (40 pg/ml), IL-4 (1000 Ufml), or a selected combi-
nation of these agents. The cells were pulse-labeled with [*H]thymidine
(0.2 uCifwell) for the last 8 h of the culture. The results represent the mean
cpm * SD of the duplicate determinations. B, IL-5Ra™'~ B-1 celis pro-
duce a small amount of Igs in response to anti-CD40 mAb or LPS. Purified
B-1 cells were cultured (1 X 10° cells in a 200-p1 culture) for 7 days with
each stimulant as described in A. The IgM, IgG1, and IgG3 concentrations
in the cultured supematants were determined by ELISA. The values rep-
resent the mean and SD of the duplicate wells. The data shown are repre-
sentative results from three independent experiments (A and B).

extremely low numbers of T cells in RAG-2™'" mice may provide
T cell help, as described by Kushnir et al. (48), but we found no
significant T cell population when we examined the PECs from
RAG-2""" mice 30 days after purified B-1 cell transfer (data not
shown). Moreover, the results in which anti-IL-5-treated T cell-
deficient mice show a reduction in number and cell size of B-1
cells in the peritoneal cavity also support our conclusion that
non-T cells produce the IL-5 that supports maintenance and Ab
production by B-1 cells (Fig. 5A4). In fact, cells in various tissues
including the lungs, stomach, and spleen of RAG-2~'~ mice or
TCRB™~ 8/~ mice showed IL-5 mRNA expression (Fig. 5B).
Moreover, small intestine and peritoneal washouts also expressed
IL-5 mRNA. Fort et al. (49) demonstrated using RAG-27'~
splenocytes that non-T/non-B cells produce IL-5 in response to
IL-25 and that cells responding to IL-25 are accessory cells, which
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FIGURE 7. IL-5-dependent CD40 expression on B-1 cells. A, IL-
SRa™'" B-1 cells express low levels of CD40. B, Decreased CD40 ex-
pression on B-1 cells from anti-IL-3-treated mice is reduced. C, CD40
expression on IL-57"~ B-1 eells is recovered by IL-5 stimulation. Perito-
neal cells from IL-5~"~ mice were cultured (1 X 10° cells in a 2-ml cul-
ture) for 2 days with or without IL-5 (500 U/ml). The cultured cells were
stained and analyzed by flow cytometry. Representative histograms show
the CD40 expression of B-1 or B-2 cells from IL-5"'" mice, which were
cultured for 2 days. Representative results from three different experimen-
tal sets are shown.

belong to the MHC class II"'#", CD11¢*™, F4/80'™, CD8a™, and
CD4™ populations. In vitro stimulation of mouse mast cells by
FceRI cross-linking induces increased levels of mRNA expression
or secretion of various inflammatory cytokines including IL-5 (50).
W/W" mice showed JL-5 mRNA expression and IL-5-dependent
B-1 cell maintenance (Fig. 3, A and B). In addition to T cells and
mast cells, eosinophils and NK cells have also been shown to
possess IL-5-producing ability (51, 52). This smdy shows that
c-kit"TL-5SRa~ cells purified from the lungs and small intestine of
RAG-27'" mice expressed JL-5 mRNA (Fig. 5C). Our results sup-
port the notion that IL-5 can be produced even in T cell-, mast
cell-, and eosinophil-deficient conditions, possibly by nonhemo-
poietic cells, leading to the support of B-1 cell maintenance.

IL-5 and CD40-related response of B-1 cells

T cell-dependent activation of B cells requires CD40-CD40 ligand
(CD40L) interaction and a defined set of cytokines. Although B-1
cells are classified as B cells responding to T cell-independent Ags,
T cells can influence other aspects of B-1 cell activation and dif-
ferentiation. In fact, B-1 cells exhibit a strong proliferation and
IgG1 preduction when cocultured with activated T cells plus IL-4
or with recombinant CD40L plus IL-4 (53). T cells enhance Ig
production by B-1 celis and induce switching from IgM to IgG1 in
B-1 cell-transferred SCID mice (10). Moreover, Erickson et al.
(53) have demonstrated that B-1 cells require IL-5 in conjunction
with CD40-CD40L interaction for maximal T cell-dependent re-
sponses. We showed that IL-5 regulates CD40 expression solely
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FIGURE 8. Ab production in IL-5Ra™"" mice that were administered LPS orally. 4, IL-5Ra~"~ B-1 cells express normal levels of TLR4/MD2 and
RP105. Representative histograms show TLR/MD2 or RP103 expression on B-1 cells from IL-5Ra™* or IL-5Re™" mice. B, IgA and IgGI levels are
not elevated in IL-5SRe™'~ mice by oral injection of LPS. LPS (0.1 mg/200 uliweek) was injected orally into the gut of IL-5Re™* or IL-5Ra™~ mice
for 3 wk. On day 7 after the last injection, the serum and fecal Ig levels of the mice were analyzed by isotype-specific ELISA. The rmean Ig levels of the
indicated group of mice are represented as a bar. », p < 0.05. C, The numbers of Ab-producing cells are reduced in LPS-injected IL-5Ra ™'~ mice. IgM-,
1gG-, or IgA-preducing cells were examined in the LP, PP, peritoneal cavity, and spleen (SP) from LPS-injected mice by isotype-specific ELISPOT assay.
The results represent the mean = SD of the duplicate wells. Representative results of three independent experiments are shown (4 and ).

on B-1 cells, not on B-2 cells (Fig. 7). Moreover, IL-5Ra™/~ B-1
cells showed a defective response to anti-CD40 or anti-CD40 plus
IL-4 (Fig. 6A). Taking these results together, we propose that con-
stitutive stimulation by IL-5 is important for the full activation of
B-1 cells in T celi-dependent response as well as LPS-dependent
response in mucosal tissues as described below.

IL-5 and B-1 cell-derived IgA

IL-5 is an important cytokine for the mucosal immune system,
which distinguishes it from the systemic immune compartment
{54). IL-5 is postulated to be a major cytokine that induces sIgA™
B-2 cells to differentiate into IgA-producing plasma cells in PP and
to a lesser extent in the spleen (25, 54). Approximately one-half of
IgA plasma cells in the LP of the intestine appear to be derived
from B-1 cells in the peritoneal cavity, and B-1 cell-derived IgA is
specific for commensal bacteria (55). Hiroi et al. (37) have re-
ported the critical role of IL-5 in JgA secretion in mucosal tissues
using IL-5Ra™’~ mice. In IL-SRa™'", the number of sTgA™ B-1
cells from the effector site are significantly reduced, and IgA levels
in mucosal secretions are reduced (37). Interestingly, there were
significant differences in serum and fecal IgA levels in LPS-treated
IL-5Ra™"* and IL-5Ra™’™ mice (Fig. 8B). Although the B-1 cells
of IL-5Re™"™ mice showed defective proliferation and Ig produc-
tion upen LPS stimulation in vitro (Fig. 6), the expression levels of

TLR4/MD2 and RP105 and the sensor of LPS signals on IL-
5Ra™*"* B-1 cells were comparable with those on IL-5Ra™/~ B-1
cells (Fig. 84). The IL-5-mediated signaling pathway may couple
or cross-talk with the LPS-induced signaling pathway. Because
LPS, CD40, and BCR triggering of B cells results in the activation
of NF-«B factors (56), NF-«B activation induced by LPS or CD40
may be influenced by IL-5 in B-1 cells.

In summary, the present study provides new insight for an un-
derstanding of the important role of IL-5 in homeostatic prolifer-
ation and survival of mature B-1 cells. Furthermore, constant I1L-5
stimulation may be required for optimal B-1 cell activation in
response to CD40 or LPS requirements.
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Abstract

CD4* Tht cells play a critical role in the induction of cell-mediated immune responses that are
important for the eradication of intracellular pathogens. Peptide-25 is the major Th1 epitope for Ag85B
of Mycobacterium tuberculosis and is immunogenic in I-AP mice. To elucidate the role of the TCR and
IFN-y/IL-12 signals in Th1 induction, we generated TCR transgenic mice (P25 TCR-Tg) expressing TCR
o~ and fi-chains of Peptide-25-reactive cloned T cells and analyzed Th1 development of CD4™* T cells
from P25 TCR-Tg. Naive CD4* T cells from P25 TCR-Tg differentiate into both Th1 and Th2 cells upon
stimulation with anti-CD3. Naive CD4" T cells from P25 TCR-Tyg preferentially develop Th1 cells upon
Peptide-25 stimulation in the presence of I-A® splenic antigen-presenting cells under neutral conditions.
In contrast, a mutant of Peptide-25 can Induce solely Th2 differentiation. Peptide-25-induced Th1
differentiation is observed even in the presence of anti-IFN-y and anti-IL-12. Furthermore, nalve CD4*
T cells from STAT1 deficient P25 TCR-Tg also differentiate into Thi cells upon Peptide-25 stimulation.
Moreover, Peptide-25-loaded |-AP-transfected Chinese hamster ovary cells induce Th1 differentiation
of naive CD4* T cells from P25 TCR-Tg in the absence of IFN-y or IL-12. These results imply that
interaction between Peptide-25/1-A° and TCR may primarily influence determination of the fate of
naive CD4™ T cells in thelr differentiation towards the Th1 subset.

Introduction

Naive CD4™ Th cells recognize an antigenic peptide through
their TCR in the context of MHC class Il molecules on antigen-
presenting cells (APC) and undergo differentiation to effector
cells that can produce cytekings and chemokines. During this
process, naive CD4" T cells can differentiate to at least two
functionally distinct subsets of cells, represented by Th1 and
Th2 (1). Th1 cells produce IFN-y and lymphotoxin {TNF-B) in
addition to IL-2 and are responsible for directing cell-mediated
immune responses leading to the eradication of intracelluiar
pathogens such as Mycobacterium, viruses and parasites {1-
4). Th1 cells also regulate IgG2a and 1gG3 antibody pro-
duction via IFN-y production, which is involved in the
opsonization and phagocytosis of particulate microbes. Th2

cells secrete IL-4, |L-5 and IL-13 as effector cytokines and are
responsible for humoral immune responses for the eradication
of helminths. Th2 cells also cause inflammatory damage
during allergic diseases, such as asthma and atopic derma-
titis. The process by which an uncommitted Th cell develops
into a mature Th1 or Th2 subset is a matter of fact for regulating
the immune response to various antigens.

Considerable progress has been made in identifying the
factors that govern the progression of cell differentiation
during the generation of Th subsets (2-4). Using T cells
stimulated with polyclonal activators or T cells from rice
expressing transgenic antigen receptors of known specific-
ities, it has become clear that Th1 and Th2 subsets develop
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from the same T cell precursor (5-7), which is a naive CD4* T
cell. There is a body of evidence to indicate that the cytokines
IL-12 and IL-4 are key determinants of the Th1 and Th2
response, respectively (4). For example, IL-12 directs Th
development from antigen-stimulated naive CD4* T cells and
activates STAT4 in Th1 cells {8,9). In terminally differentiated
Th1 cells, successive IFN-y production can occur through TCR
ligation or IL-12 and IL-18 stimulation, Using mice deficient
in either cytokines or STAT, it has been shown that activation of
the IFN-yR/STAT? is also important for the differentiation of
CD4* Tcells into Th1 cells (10,11). The IL-4R/STATS signaling
pathway plays a central role in the differentiation of naive CD4*
T cells into Th2 cells (12-14). The balance of IFN-y and IL-4
levels present during T cell activation is considered to be the
major influence on Th1 versus Th2 differentiation. Although the
strength of the interaction mediated through TCR and MHC/
peptide complex is suspected to affect the lineage commit-
ment of Th cells to Th1 cells and clonal expansion {15-17), it
remains unclear whether Th1 cells can develop from naive
CD4* T cells upon antigenic peptide stimulation in the
presence of APC under neutral conditions.

AgB5EB {also known as a antigen or MPT59) is the most potent
antigen species yet purified for both humans and mice (18).
Ag85B can elicit strong Th1 response in vitro from PPD*
asymptomatic individuals (19-21). We have shown that in vitro
stimulation of lymph node cells from Mycobactsrium tubercu-
losis-primed C57BL/6 mice with AQ85B induces the production
of IFN-y and IL-2 and expansion of CD4* T cells expressing
VB11 of TCR (TCRVB11) in an I-AP-restricted manner (22,23).
We identified the 15-mer peptide (Peptide-25), covering amino
acids residues 240-254 (FQDAYNAAGGHNAVF) of Ag85B, as
the major epitope for Ag85B-specific TCRVB11* T cells (22),
Using Peptide-25-reactive VB11* Tceli clones (BP1, BP4, BM5,
BM?7 and BM12) and substituted Peptide-25 mutants, we
determined which amino acid residues within Peptide-25
were critical for TCR recognition (23,24). Peptide-25 contains
the motif that is conserved for 1-A® binding and requires pro-
cessing by APC to trigger Ag85B-specific TCRVBR11* T cells
(22). Active immunization of C57BL/6 mice with Peptide-25 can
induce the differentiation of CD4* TCRVB11* Th1 that produce
IFN-y and TNF-o and protect against subsequent infection with
live M. tuberculosis H37Rv (23).

Here we generate transgenic mice (P25 TCR-Tg) express-
ing functional TCR that interacts with Peptide-25 in conjunction
with I-A®. We report that naive CD4* T cells in the spleen of
P25 TCR-Tg mice respond specifically to Peptide-25 in the
presence of APC from I-AP mice and differentiate to Th1 cells
in the absence of IFN-y or IL-12 under neutral conditions.

Methods

Mice

C57BL/6 mice were purchased from Japan SLC Inc.
{Hamamatsu, Japan). STAT1 deficient mice were kindly
provided by Dr R. D. Schreiber, Center for Immunology,
Washington University School of Medicine. These mice were
maintained under specific pathogen-free conditions in our
animai facility according to our Institute's guidelines, and used
at 8-15 weeks of age.

Cell lines

Five different Peptide-25-reactive CD4* Th1 clones (BP1, BP4,
BMS, BM7 and BM12) were established in vitro by culturing
lymph node cells from C57BL/6 mice immunized with heat-
killed M. tuberculosis H37Rv as described (23). TG40 is
a variant T cell hybridoma cell line lacking the expression of
surface TCR-a and -B chains that has been used a recipient
cells for TCR(25). PLAT-E is a packaging cell line that produces
retroviruses (26). Chinese hamster ovary cells expressing I-AP
(I-AP-CHO) (27) were kindly provided by Dr Y. Fukui (Medical
Institute of Bioregulation, Kyushu University, Fukuoka, Japan).

Reagents and antibodies

All peptides including Peptide-25 and its substituted mutants
were synthesized by Funakoshi Co. Ltd (Tokyg, Japan). Anti-
IFN-y-FITC {(XMG1.2), anti-IlL-4-allophycocyaninn {(11B11),
anti-Vp11-PE (RR3-15), anti-CD4-FITC or -PE {GK1.5), anti-
CD8-PE (53.6.72), anti-CD25-FITC (7D4), anti-CD28-FITC
{37.51), anti-CDB9-FITC (H1.2F3), anti-CD44-FITC (IM7), anti-
CD45RB-PE (16A) and anti-LFA1-FITC (2D7) were purchased
from BD Biosciences PharMingen {San Diego, CA). Purified
anti-CD3 e (2C11}, anti-IFN-y (R4-6A2) and anti-IL-12 (C17.8)
were purchased from BD Biosciences PharMingen.

Subcloning of TCR

Total cellular RNA was isolated from BP1 by using acid
guanidinium-phenol-chloroform method. cDNA was synthe-
sized with random hexamer primers and superscript || cDNA
kit (GIBCO BRL, Grand Island, NY). 5'-Rapid amplification of
cDNA end (5'-RACE) was performed using the 5'-RACE
System Ver.2.0 (Life Technologies, Rockville, MD) according to
the manufacturer's instructions. The first strand of cDNA was
synthesized with gene-specific primer 1 (5’-ATCCATAGCTTT-
CATGTCCA for TCR @-chain and 5'-GCCATTCACCCAC-
CAGCTCA for TCR B-chain). The first PCR amplification was
carried out by using gene-specific primer 2 (5'-GCGAATTCT-
GAGACCGAGGATCTTTTAACTGGTAC for TCR «-chain and
5'-GCGTCGACTCTGCTTTTGATGGCTCAAAC for TCR p-
chain). The second PCR amplification was carried out with
nested gene-specific primer (5'-GCGTCGACACAGCAGG-
TTCTGGGTTCTGGAT for TCR w-chain and 5'-GCGTCGA-
CAAGGAGACCTTGGGTGGAGTCAC for TCR B-chain). The
PCR fragment was subcloned in Bluescript SK* and sequen-
ces by automatic DNA sequencer {AB! PRISM 3700 DNA
analyzer, Applied Biosystems, Foster City, CA).

Retrovirus-mediated gene transfer

Full length cDNAg genes encoding the TCR a- and B-chains
of BP1 were inserted into a retroviral vector pMX-IRES-GFP
vector, pMX-BP1-o and pMX-BP1-B, respectively, and were
transfected into a retroviral packaging cell line, PLAT-E with
LipofectAMINE Plus Reagent (GIBCO BRL) (28) The cultured
supernatant of PLAT-E after 24 h culture was collected, and
added to TG40 cells together with DOTAP Liposomal Trans-
fection Reagent (Roche Diagnostics GmbH, Mannheim,
Germany} {29). Transfection was monitored by the cell surface
expression of TCR by FACS analysis. TG40 cells were
transfected with each of plasmids or in their combinations



and selected TG40 cells expressing TCR-aff (TG40-BP1).
TG40-BP1 cell line for expression of CD4 (TG40-BP1/CD4)
was established by electroporation of the expressible con-
structs of full length CD4 ¢cDNA into TG40-BP1 celis by Gene
Pulser (Bio-Rad laborateries, Hercules, CA).

Establishment of transgenic mice

The transgenic TCR-o and -p genes were isolated from BP-1
as described in the previous session. The DNA sequences of
the PCR products revealed that BP1-TCR-o was composed of
Vab, Ju15 and Cal, and the TCR-B chain of Vp11, JB2.3 and
CB2. The pHSE3' plasmid contains the H-2KP promoter
(provided by H. Pircher), a poly(A) signal from B-globin and
the immunoglebulin heavy chain enhancer (30). The full-length
BP1 TCR a and B cDNAs were subcloned into the Sall and
BamHI sites of the expression vector pHSE3’ plasmid under
control of the H-2K® promoter. The constructs were excised
from these plasmids by Xhol cleavage for TCR-a chain and
Apal.l cleavage for TCR-B, and purified by using QIAEX Il ge!
exiraction system {Qiagen Inc., Valencia, CA). The purified
expression constructs for TCR o and B ¢DNAs were co-
injected into fertilized eggs of C57BL/6 mice. We finally
obtained a TCR-Tg line of mice expressing TCR-Va5-VB11
(P25 TCR-Tg). P25 TCR-Tg mice were bred to STAT1 deficient
mice (STAT1 deficient P25 TCR-Tg) on a C57BL/6 background
in our animal faculty under specific pathogen-free conditions.

Preparation of naive CD4" T cells and APC

Sptlenic T cells from either P25 TCR-Tg or littermate C57BL/6
mice were enriched by passing splenocytes through a nylon
wool column. To further purify primary CD4* Tcells, the spienic
T cells were incubated with a mixture of Microbead-beund
monoclonal antibodies that were specific for CD8 (53-6.72),
CD49b (DXS), B220 (RA3-6B2) and |-A° (M5/114.15.2)
(Miltenyi Biotec, Bergisch Gladbach, Germany). MEL-14Mah
T cells were purified from splenic CD4* T cells by positive
sorting using MACS after treatment with anti-CD62L (MEL-14)-
Microbeads (Miltenyi Biotéc) and were used as naive CD4* T
cells. The purity of CD4* naive T celis was >98%. Splenceytes
from wild-type {(WT) C57BL/6 mice were incubated with
a mixture of anti-Thy1 (30-H12)-Microbeads and anti-CD49b-
Microbeads {Miltenyi Biotec) to deplete T cells and NK cells.
Cells were thenrecovered by passage through a MACS column
according to the manufacturer's instructions. Recovered cells
were irradiated with a total of 3500 Rad, and used as APC. |-A®-
CHO was incubated with 10 pg/mi Peptide-25 for 12 h and
extensively washed and incubated with 50 ug/ml mitomycin C
for 15 min in 37°C and used as APC in some experiments.

Cell culture

Stably transfected TG40-BP1 or TG40-BP1/CD4 cells (1 X
10%culture) were stimulated with various concentrations of
peptide in the presence of irradiated spleen cells (5 x 10%/
culture) from various strains of mouse in 96-well flat-bottom
microtiter plates (Nunc, Roskilde, Denmark). The cultured
supernatants were collected and subjected to ELISA.

To examine Th differentiation in vitro, two-step culiures were
employed. For the first culture, purified splenic naive CD4* T
cells (5 X 10%/culture) were activated for 6 days with 10 pg/ml

Th1 development by antigenic peptide 1693

of anti-CD3 or 10 pg/ml Peptide-25 or its substituted mutant in
the presence of T- and NK cell-depleted C57BL/6 splenic APC
(2.5 x 10%culture) in a 48-well plate. In some experiments, we
used Peptide-25 loaded I-A°-CHQ (2.5 X 10%/culture) as APC.
For the second culture, the cells collected from the first culture
were extensively washed and dead cells were removed by
centrifugation through Ficol-Hypaque gradients. The viable
primed CD4* T cells were re-stimulated with 10 pg/ml of anti-
CD3 or 10 ug/ml of Peptide-25 in the presence of splenic APC
or 1 pg/well of immobilized anti-CD3.

intracellular cytokine staining and FACS analysis

We identified cytokine-producing cells by cytoplasmic staining
with anti-cytokine antibody as previously described (24). First,
2 pM of Menensin (BD Biosciences PharMingen) was added to
the secondary cuiture for the last 4 h of each stimulation. The
cells were harvested at 24 h of the secondary culture and
stained with 7-amino-actinomycin D and with anti-VB11-PE
or anti-CD4-PE. The cells were fixed with 4% formaldehyde
after washing with 0.05% azide-1% FCS-PBS, permeabilized
with 0.1% saponin, and stained with both anti-IFN-v-FITC
and anti-IL-4—allophycocyanin. Isotype-matched control anti-
bodies were also used. The cells stained were gated on live
VB11- or CD4-positive cells and analyzed on a FACSCalibur
instrument (Becton Dickinson, Mountain View, CA).

ELISA

Amounts of IL-2, IL-4 and IFN-y in the culture supernatant were
measured by ELISA. All monoclonal antibodies specific for
mouse IL-2, I1L-4 and [FN-y used for capture and detection of
cytokines were purchased from BD Biosciences PharMingen.
ELISA was performed following the instruction of BD Bio-
sciences PharMingen.

ELISPOT assay

Cytokine producing cells were identified by ELISPOT assay,
using the IFN-y and IL-4 ELISPOT assay kits (R&D Systems,
Minneapolis, MN). After naive CD4* T cells from P25 TCR-Tg
mice were cultured with Peptide-25-ioaded 1-AP-CHO for 20 h
in a 96-well plate coated with capture antibodies, ELISPOT
assay was performed following the manufacturer's instruc-
tions. Spots were analyzed by KS ELISPOT compact {Carl
Zeiss, Oberkochen, Germany).

Results

Analysis of Peptide-25 recognition by reconstituted
TCR-uf pairs

To investigate the functional TCR able to bind a Peptide-25/
MHC complex at the clonal level, we first determined the
usage of TCR-a and -p chains of Peptide-25-reactive VB11*
Th1 ¢clone (BP1) that was of C57BL/6 (I-A®) mouse origin (23)
with the use of 5'-RACE. BP1-TCR a-chain was found to be
composed of Va5 and Jal5 and Ca (Accession No.:
AB183189). BP1-TCR B-chain was also identified to be Vp11,
JP2.3 and CP2 {Accession No.; AB183190).

In order 1o aralyze Peptide-25-recognition by TCR dimers
composed of the TCR «- and B-chains of BP1, TCR a- and
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B-chain were subcloned into a retrovirus vector and then trans-
fected by retrovirus-mediated gene transfer into a TCR-ap-
and CD4-deficient recipient T cell hybridoma cell line, TG40
(28), and the reconstruction and functional specificity of the
TCR was assessed by measuring IL-2 production (Fig. 1).
TG40-BP1 produced substantial amounts of IL-2 in response
to Peptide-25 plus APC in a dose dependent manner.
Enforced expression of CD4 molecules on TG40-BP1 (TG40-
BP1/CD4) augmented IL-2 production even upon a lower dose
of Peptide-25 stimulation (0.3 pg/ml). TG40-BP1/CD4 pro-
duced much more |L-2 than TG40-BP1 when stimulated with
higher concentrations of Peptide-25 (10 pg/mi) (Fig. 1A). TG40
transfectants of TCR-a alone or TCR-P alone did not respond
to Peptide-25 in the presence of splenic APC (data not shown).
These results indicate that recombinant TCR «- and B-chains
can reconstruct functional TCR and recognize Peptide-25/1-AP
complex to become IL-2-producing cells.

The specificity of BP1 TCR for Peptide-25 and splenic APC
from C57BL/6 mice was examined by culturing TG40-BP1/CD4
with various I-A°-binding peptides in the presence of APC from
different strains of mice. Although we do not show data here,
among the varicus peptides only Peptide-25 could induce IL-2
production by TG40-BP1/CD4 in the presence of splenic APC
from C57BL/6 (I-A°) mice. The 11-mer from Peptide-25 was
stimulatory while the 8-mer from Peptide-25 was ineffective. We
then stimulated TG40-BP1/CD4 cells with a mutant of Peptide-
25as an altered peptide ligand (APL). The APL preservesthose
amino acid residues within Peptide-25 essential for i-A°
binding. while one of TCR-binding aminc acid residues,
glutamic acid at position 248 of Peptide-25, was substituted
to alanine, G248A. The APL stimulation at 10 pg/ml of TG40-
BP1/CD4 induced marginal IL-2 production, and the stimula-
tory activity was much lower than with Peptide-25 (Fig. 1B).

We then determined the amino acid sequences for the TCR-
a and -B chains of four other Peptide-25-reactive Th1 clones
(BP4, BM5, BM7 and BM12). All these Th1 clones responded
to Peptide-25 for proliferation and IFN-y production (23).
Anzlysis of the TCR-a and -p chain aming acid sequences for
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Fig. 1. IL-2 production of TG40 transfectants upon stimulation with
Peptide-25. TG40 transfectants retrovirally introduced TCR-of of BP1,
TG40-BP1 {TCR* CD4™) and TG40-BP1 transfectants of CD4, TGA40-
BP1/CD4 (TCR* CD4*) (1 x 10* cells/cutture) were stimulated with
various concentrations of Peptide-25 in the presence (closed circles)
or absence {open circles) of irradiated C57BL/6 spleen cells (5 X
10°% cells/culture) as APC in 96-well microplates. We also stimulated
TG40-BP1/CD4 with APL (triangles) in the presence of C57BL/6 spleen
celis (5 X 10° cells/culture) as APC. After incubation for 24 h, IL-2 in
the cultured supernatants were titrated by ELISA.

Peptide (ug/m1)

each clone revealed no obvious differences from BP1 except
in the sequence and in the length of CDR3 regions of TCR
a- and B-chain {Supplementary table 1, available at Interna-
tional Immunology Online). Taking all these results together, the
TCR-u5 and -B11 can reconstitute a functional TCR complex
that is able to recognize and respond to Peptide-25 when
presented in the context of I-A°. As BP1 is the best Peptide-
25-reactive Th1 clone with respect to IFN-y production in
response to Peptide-25, we chose BP1 TCR cDNAs for
generating P25 TCR-Tg mice.

Generation of Peptide-25-reactive TCR-Tg mice

We then analyzed the clonal basis of preferential Thi
development by single TCR-Tg mice line expressing TCR-a5
and -B11. We constructed transgenes for TCR a5- and B11-
chains under the control of the H-2K® promoter, the poly(A)
signal from human p-globin gene and the immunoglobulin
heavy chain enhancer. The transgenes were excised from the
vector sequences and co-microinjected into fertilized eggs
from C57BL/6 mice. Transgenic mice were screened by
Southern blot analysis of tail DNA and by staining peripherat
blocd T celis with anti-VB11, followed by FACS analysis. We
obtained founder mice expressing Va5*-Vp11~, Vab~™-Vp11*
and Va5*-VB11* Tcells. In the present study, we have mainly
analyzed TCR transgenic (P25 TCR-Tg) mice expressing both
TCR-Vab and -Vp11.

FACS analysis revealed that >85% of splenic CD4* T cells
from the P25 TCR-Tg mice expressed TCR p1i-chain, while
5-7% of splenic CD4* T cells were VB11* in WT mice (22).
Over 98% of splenic CD4* T cells from the RAG-2 deficient P25
TCR-Tg mice expressed TCR VB11-chain. Similar results were
obtained by staining splenic CD4* T cells from P25 TCR-Tg
mice with anti-idiotypic antibody (KN7) for the recombinant
TCR ap (A.K. and K.T., unpublished observation). We did not
observe any significant KN7* lymph node cells from trans-
genic mice expressing TCR a-chain alone or B-chain alone. We
compared the expression patterns of LFA-1, CD25, CD28,
CD44, CD45RB and CD&9 on splenic CD4* T cells from P25
TCR-Tg mice with those fram WT mice. There were no signifi-
cant differences in the expression pattern or mean fluores-
cence intensity of these cell surface molecules betweenthe two
groups. RT-PCR analysis revealed that T-bet and IFN-y mBNA
expressions were not detected in freshly prepared splenic
CD4™ cells of P25 TCR-Tg mice. Taking these results together,
CD4* T cells from P25 TCR-Tg mice are not pre-activated
in vivo,

Naive CD4* T celis from P25 TCR-Tg mice are able to
differentiate into both Th1 and Th2

Naive CD4* T cells from P25 TCR-Tg and WT mice were
purified from the spleen and stimulated in vitro with anti-CD3
in the presence of exhaustively T- and NK cell-depleted irra-
diated C57BL/6 splenocytes as APC. After 6 days in culture,
the protiferated cells were harvested and re-stimulated for
another day with anti-CD3 in the presence of APC. After
culturing, IFN-v- and IL-4-producing cells were analyzed by
intracellular staining. The cultured supernatants were sub-
jected to ELISA assay for cytokine titration. The results
revealed that in vitro stimulation of naive CD4* T cells from



P25 TCR-Tg mice with anti-CD3 induced the propagation of
both IFN-y- and IL-4-producing cells to a similar extent as from
WT mice (Fig. 2A). The IFN-y and IL-4 production were
confirmed by ELISA (Fig. 2B). It is also evident from Fig. 2 that
P25 TCR-Tg T cells has a higher proportion of IFN-v-producing
cells and IFN-y production upon anti-CD3 stimulation ¢om-
pared with T cells from WT mice. These results indicate that
naive CD4" Teells from P25 TCR-Tg mice can differentiate into
both Th1 and Th2 upon TCR cross-linking.

Induction of naive CD4* T cells from F25 TCR-Tg mice to
Th1 differentiation upon Peptide-25 stimulation

To examine the differentiation of naive CD4* T cells from P25
TCR-Tg mice upon in vitro Peptide-25 stimulation, naive CD4*
splenic T cells were purified from P25 TCR-Tg mice and
stimulated in vitro for 6 days with Peptide-25 in the presence of
T and NK cell-depleted irradiated C57BL/6 splenocytes as
APC. The activated cells produced IL-2 and proliferated upen
Peptide-25 stimulation in a dose dependent manner in the
presence of APC, but they did not produce IL-2 in the absence
of Peptide-25 or in the presence of APC from strains of mice
other than C57BL/6 mice {(data not shown).

In ancther set of cultures, we stimulated naive CD4* Tcells
from P25 TCR-Tg mice in vitro with Peptide-25. After 6 days in
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Fig. 2. Induction of Th1 and Th2 differentiation of naive CD4* T cells
from P25 TCR-Tg mice upon stimulation with anti-CD3. Naive CD4*
Tcels from P25 TCR-Tg and WT mice were purified and cultured with
10 pg of anti-CD3 in the presence of T- and NK-cell depleted C57BL/6
splenic APC for 6 days. (A) After the culture, the cells were washed
extensively and re-stimulated with 10 pg/ml of anti-CD3 in the
presence of T- and NK-cell depleted C57BL/6 splenic APC for another
day. IFN-y- and IL-4-producing cells were assessed by intracellular
staining and FACS analysis. The percentages of IL-4- and IFN-y-
producing cells are presented in the upper left and the lower right
regions, respectively, (B) After the culture, the cells were washed
extensively and re-stimulated with {black bar} ¢r without (hatched bar)
10 pg/ml of anti-CD3 in the presence of T- and NK-cell depleted
C57BL/6 splenic APC for another day. IFN-y and IL-4 in the cultured
supernatants were titrated by ELISA.
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culture, the proliferated cells were re-stimulated for another
day with immobilized anti-CD3. After culturing, IFN-y- and
IL-4-producing cells were analyzed by cytoplasmic staining,
followed by FACS analysis. The cultured supernatants were
subjected to ELISA for titration of cytokine levels. As a control,
we also cultured the cells with APL or medium alone. Naive
CD4* T cells stimulated with Peptide-25 in the presence of
splenic APC became solely IFN-y-producing celis under
neutral conditions (Fig. 3A). IFN-y production was detected
on the first day of culture and increased for the rest of the
culture period at day 5 (data not shown). IL-4 secretion was not
detected even after 5 days of culture. Importantly, stimulation
of the cells with APL, in place of Peptide-25, solely induced
IL-4-producing cells (Fig. 3B). When we cultured naive CD4*
Tcells and splenic APC in the absence of Peptide-25 or APL
in the primary culture, cells did not proliferate well {data not
shown}. These results indicate that naive CD4* T cells from
P25 TCR-Tg mice can be activated leading to proliferation and
differentiate solely into Th1 cells upon stimulation with Peptide-
25 under neutral conditions.

Roles of IFN-y/STATT and IL-12 signaling in the Th1
differentiation of naive CD4* Tcells from F25 TCR-Tg mice

Itis well known that in addition to the TCR signals IFN-y and IL-
12 play an important role in the Th1 development. To examine
whether IFN-y and IL-12 are required for Th1 development, we
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Fig. 3. Induction of Th1 and Th2 differentiation of naive CD4* T cells
from P25 TCR-Tg mice upon stimulation with Peptide-25 and AFL,
respectively,. Naive CD4* T cells from P25 TCR-Tg mice were
stimulated with 10 pg/m! of Peptide-25 or APL for 6 days. (A) On
day 6, the cells were washed and re-stimulated with 1 pg/well of
immobilized anti-CD3 for another day. IFN-y- and IL-4-producing
cells were assessed by intracellular staining and FACS analysis. The
percentages of IL-4- and IFN-y-producing cells are presenied in
the upper left and the lower right regicns, respectively. (B} On day 6,
the cells were washed and re-stimulated with (black bar) or without
{hatched bar} 1 ng/welt of immabilized anti-CD3 for another day. IFN-y
and IL-4 in the culiured supernatants werg titrated by ELISA.
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cultured naive CD4* T cells from P25 TCR-Tg mice with
Peptide-25 and splenic APC in the presence of anti-IFN-y,
anti-IL-12 or anti-IFN-y and anti-IL-12 for 6 days. Results
revealed that IFN-y-producing cells were pradominantly
cbserved even when cultured in the presence of anti-IFN-y
and anti-IL-12 (Fig. 4). It was also evident that addition of anti-
1L-12 partialiy reduced the prapartion of IFN-y-producing cells
without enhancing IL-4-producing cells, while the addition of
anti-IFN-y treatment slightly increased the frequencies of both
1FN-y- and IL-4-producing cells. These results imply that IFN-y
and IL-12 are not essential for Th1 development of CD4* T
cells from P25 TCR-Tg mice in response to Peptide-25. To
evaluate further the role of [FN-y in the Th1 development, we
examined the differentiation fate of naive CD4* T cells from
STAT1 deficient P25 TCR-Tg mice upon Peptide-25 stimula-
tion. This result revealed that Peptide-25-stimulated naive
CD4* Tcells from STAT1 deficient P25 TCR-Tg mice became
solely IFN-y-producing cells after 6 days of culture under
neutral conditions {Fig. 5).

Induction of IFN-y-producing cells upon stimulation of

naive CD4™ T cells from P25 TCR-Tg mice with
Peptide-25-loaded I-AP-CHO

To elucidate the mechanism that ensures Th1 differentiation
upon TCR stimulation with peptide/MHC, naive CD4* T cells
were stimulated in vitro with Peptide-25-loaded 1-A2-CHO for
20 h and assayed for IFN-y and IL-4 production by ELISPOT
assay. IFN-y-producing cells were induced upon treatment
with Paptide-25-loaded |-A°-CHQ stimulation in a dose-
dependent manner: however, IL-4-producing spots were not
detected. Neither IFN-y nor IL-4 spots were detected when
naive CD4* Tcells from P25 TCR-Tg mice were cultured in vitro
without Peptide-25-loaded -AP-CHO for 20 h. These results
indicate that activated CD4* T cells stimulated with Peptide-
25/I-AP produced IEN-v in primary culture within 24 h.

To evaluate the role of IFN-y and 1L-12 in Th1 development,
naive CD4™ Tcells from P25 TCR-Tg mice were stimulated for 6
days in vitrowith Peptide-25-loaded |-A°-CHQ in the presence
of anti-IFN-y and anti-IL.-12. At 24 h after the re-stimulation with
immobilized anti-CD3, the frequency of IFN-y producing cells
was 14.5% for the live CD4* Tcells (13% for the live TCRVB11*
T cells) (Fig. 8), indicating that naive CD4* T cells can
differentiate into Th1 by TCR activation with Peptide-25/1-A®

stimulation even in the absence of IFN-y and 1L-12, In separate
experiments, we confirmed IFN-y-producing cells when CD4*
naive T cells from RAG-2-/~ P25 TCR-Tg mice were cultured
with Peptide-25-loaded I-A°-CHO even in the presence of anti-
IFN-y or anti-lL-12. Therefore, direct interaction between
Peptide-25/1-A® and TCR may determing the fate of naive
CD4* T cells for differentiating into Th1 subsets.

Discussion

Peptide-25 is the major antigenic epitope for AgBSB of
M. tuberculosis, is immunogenic in C57BL/6 (I-A°) mice, and
preferentially induces Vp11* Thi cells. It remains unclear why
Peptide-25 can preferentially induce Th1 immune responses in
C57BL/6 mice. We approached this question by analyzing
naive CD4" T cells from transgenic mice, whose T cells
express functional TCR capable of recognizing Peptide-25
in the context with I-A® molecules. In the present study we
generated TCR-Tg mice for the Thi-inducing peptide,
Peptide-25, to elucidate the role of TCR signals in the decision
of CD4* T cells to development into either a Th1 or Th2 cell.
Qur data support the notion that TCR signals may play a role
in the determination of Th1 development under neutral con-
ditions in the absence of IFN-y or IL-12.

We determined usage of TCR a-chain in five different
Peptide-25-reactive VB11" Th1 clones. All Peptide-25-reactive
VB11* Th1 clones expressed Va5, while each clone showed
slightly different amino acid sequences in CDR3 regions of
both Vab and VB 11 chains {Supplementary tabie 1). Although
each Th1 clene responds to Peptide-25 to a similar extent
with regard to proliferation and IFN-y production, it responds
differently to a mutant of Peptide-25 where an amino acid
required for TCR-binding had been substituted to alanine
(data not shown). However, this may be due to the
heterogeneity of the CDR3 regions of both Va5 and VB11
chain. TG40 transfectants (TG40-BP1} expressing a and f
chains from the BP1 clone constructed functional TCRs that
recognize Peptide-25 in the context of I-AP on APC resulting in
IL-2 production even in the absence of CD4 expression (Fig.
1A). Enforced expression of CD4 in TG40-BP1 enhanced IL-2
production along with a low dose of Peptide-25 stimulation
{Fig. 1B), suggesting that the avidity of the TCR and Peptide-
25/1-A" complex is potent enough to trigger TG40-BP1
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Fig. 4. Effect of anti-IFN-y and anti-IL-12 on Th1 differentiaticn of naive CD4* T cells from P25 TCR-Tg mice upon stimulation with Peptide-25. Naive
CD4™ Tcelis in the spleen of P25 TCR-Tg mice were stimulated with 10 ug/ml of Peptide-25 for 6 days. Anti-IFN-y (10 pg/mt), anti-IL-12 (10 pg/ml) or
anti-IFN-y {10 pg/ml) plus anti-1L-12 {10 pg/ml) were added at the onset of culture. On day 6, the cells were washed and re-stimulated with 1 pg/well of
immobilized anti-CD3for another day inthe absence of antibodies. IFN-y- and IL-4-producing cells were assessed by intracellular staining and FACS
analysis. The percentages of IL-4- and IFN~y-producing cells are presented in the upper left and the lower right regions, respectively.
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Fig. 5. Induction of Th1 differentiation of naive CD4* T sells from
STAT1 deficient P25 TCR-Tg mice upon stimulation with Peptide-25.
Naive CD4* T cells in the spieen from STAT1 deficient P25 TCR-Tg
mice were stimulated with 10 ug/ml of Peptide-25 far 6 days. On day 6,
the cells were washed and re-stimulated with 1 pgiwell of immobilized
anti-CD3 for 24 h. IFN-y- and IL-4-producing cells were assessed by
intracellular staining and FACS analysis. The percentages of il-4- and
IFN-y-producing cells are presented in the upper left and the tower
right regions, respectively.
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Flig. 6. Induction of Th1 differentiation of naive CD4* T cells from P25
TCR-Tg mice upon stimulation with Peptide-25-loaded [-A°-CHO.
Naive CD4* T celis from P25 TCR-Tg mice were stimulated for 6 days
in vitro with Peptide-25-loaded I-AP-CHO in the presence or absence
of anti-IFN-y and anti-IL-12. Six days after the culture, the proliferated
cells were harvested and re-stimulated with 1 pg/fwell of immobilized
anti-CD3 for 24 h and subjected to cytoplasmic staining for IFN-y and
IL-4. The percentages of lt-4- and IFN-y-producing cells are
presented in the upper left and the lower right regions, respectively.

transfectants. CD4 expression may facilitate the interaction
between TG40-BPt and APC, resulting in augmented IL-2
preduction. Intriguingly, the APL could stimulate TG40-BP1/
CD4 IL-2 production to a much lesser extent even at higher
peptide concentrations (Fig. 1B). As APL fully preserves the
I-AP-binding amino acids of Peptide-25, the APL/I-A® complex
may have lower avidity for the TCR compared with Peptide-25.

Expression profiles of cell surface activation markers on
splenic T cells from P25 TCR-Tg mice were similar to these
from WT mice, and mRNA expression of neither T-bet nor IFN-y
was observed, suggesting that CD4* T cells in P25 TCR-Ty
mice are not pre-activated. Naive CD4* Tcells from P25 TCR-
Tg mice could ditferentiate into IFN-y- and IL-4-producing
cells upon anti-CD3 stimulation (Fig. 2), indicating that they
keep their potential to differentiate into either Thi- or Th2-
lineage cells upon TCR ligation. Interestingly, naive CD4* T
cells differentiated solely to IFN-y-producing cells, but not to
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IL-4-producing cells upon Peptide-25 stimulation (Fig. 3). This
preferential Th1 differentiation induced by Peptide-25 stimu-
lation was also dependent on APC from C57BL/6 mice. As we
described, stimulation of naive CD4* T cells from P25 TCR-Tg
mice with Peptide-256 at 10 pg/ml (8.0 uM) preferentially
induces Th1 develepment. In contrast, when we stimulated the
T cells with Peptide-25 at 0.1 pg/ml (0.06 pM), we observed
a Th2-dominant response (data not shown). These observa-
tions are consistent with the published data (31} addressing
that IFN-y production is preferentially induced at 1.6-6.2 uM of
QVA peptide in the OVA TCR-Tg mouse model. These results
further support the notion that the Peptide-25 has an
intrinsically highly potential to induce Thi. Intriguingly,
stimulation with APL in piace of Peptide-25 induced solely
IL-4-producing cells (Fig. 3). When we analyzed APC cell sur-
face marker expression after stimulation with either Peptide-25
or APL, we did not observe an activation-dependent alter-
ation of cell surface marker expression such as CD80, CD88,
or CD40 {data not shown), The differences between Peptide-
25 and APL regarding Th1 and Th2 differentiation may be due
to differences in avidity between Peptide-25/1-AP and APL/I-A®
to TCR.

Differentiation of naive CD4™ Th precursors to Th1 and Th2 is
affected by the manner and environment that they encounter
{2,32,33). The strength of interaction between the TCR and
MHC/peptide complex affects the lineage commitment of Th
cells (15,17,31,34). It is well known that Th1 cell development
involves IFN-y signaling through STAT1 and IL-12 signaling
through STAT4 activation (35,36). Peptide-25-induced Thi
differentiation of naive CD4* T cells from P25 TCR-Tg mice was
observed even in the presence of anti-iFN-y and anti-IL-12
{Fig. 4). We obtained simitar resuits using T cells of STATH
deficient P25 TCR-Tg mice (Fig. 5). This indicates that both
IFN-y/STAT1 and IL-12 signals are not essential for preferential
induction of P25 TCR-Tg naive CD4* Tcells to Thi.

The activation and differentiation of naive CD4* T cells
appears to réquire at least three separate signals. The first
signal is delivered through the TCR/CD3 complex after its
interaction with MHC/peptide complex on APC. The second
signal is provided by a number of co-stimulatory or accessory
molecules on the APC that interact with their ligands on Tcells
such as CD28/CDAY/86, CTLA-4/CDB0/86, LFA-1/ICAM-1,
OX40/0X40L or ICOS/B7h (37-43). The dose or antigen
concentration is also important in determining the Tni-
dominated immune response. Third, cytokines such as [FN-y,
IL-12 or IL-18 play a role in the expansion of the committed
Th1 cells (10,11,44-48). Stimulation of naive CD4™ T cells from
P25 TCR-Tg mice with Peptide-25-loaded I-A®-CHO in primary
culture lead to lower proliferation and cell recovery after
culturing compared to stimulation with Peptide-25-loaded
splenic APC {data not shown). Interestingly, anti-CD3 stimu-
lation of the T cells, recovered from culture with Peptide-25-
joaded I-AP-CHO, could induce Th1 development preferen-
tially as shown in. T cells stimulated with Peptide-25 and
splenic APC in primary culture (Fig. 6). As Chinese hamster
ovary cells do not express detectable levels of CD80, CDE8,
ICAM-1, OX40L or B7h, we are in favor of the hypothesis that
preferential induction of Thi development in P25 TCR-Tg
naive CD4* T cells may be independent of these well-known
co-stimulating signals from APC.
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A complex network of gene transcription events is likely to
be involved in estabiishing an environment that promotes Thi
development. T-bet, a recently discovered member of T-box
transcription factor is expressed selectively in thymocytes and
Th1 cells, and controls the expression of the halimark Th1
cytokine, IFN-y (47). T-bet expression correlates with IFN-y
expression in Th1 and NK cells. Ectopic expression of T-bet
both transactivates the IFN-y gene and induces endogenous
IFN-y production (47). T-bet appears to initiate Th1 lineage
development from naive Th cells both by activating Th1 gen-
etic programs and by repressing the opposing Th2 programs
(47). It has been reported that T-bet is regulated by IFN-y
signaling through STAT1 activation in the context of TCR
ligation {10,11) and induces chromatin remodsling of the ifn-y
locus (48). As naive CD4* Tcells are capable of differentiating
inte IFN-y producing cells even in the presence of anti-IFN-v,
the interaction between Peptide-25/I-A” and TCR may directly
induce T-bet that leads to Th1 differentiation. We are currently
investigating T-bet expression during Th1 differentiation in P25
TCR-Tg naive CD4* T cells in response to Peptide-25-loaded
I-AP-CHO.

There are several possibilities to account for the immunoge-
nicity and adjuvant activity of Peptide-25 for Th1 development.
First, Peptide-25 may activate DCs directly or indirectly through
Th cells to enhance expression of co-stimulatory molecules
leading to activate Th1 precursors by enhancing well-known
transcription factors such as T-bet or unidentified ‘master
cytokine’ for Th1 development, Second, the avidity of Peptide-
25 to its specific TCR would be potent enough leading to Th1
development preferentially, Third, Peptide-25 might enhance
activation or selection of unidentified T cell subpopulations
that suppress GATA-3 leading to Th2 development.

In conclusion, we have presented data showing that naive
CD4* T cells from P25 TCR-Tg mice stimulated with Peptide-
25/I-A® that polarize to Th1 differentiation preferentialty in the
absence of IFN-y or IL-12. We propose the hypothesis that
direct interaction of the specific antigenic peptide/MHC class I
complex and TCR may primarily influence the determination of
naive CD4" Tcell fate in development towards the Th1 subset.
Therefore, P25 TCR-Tg mice may provide us with new insights
and help us understand how Th cell fate is determined.

Supplementary data

Supplementary data are available at International immunclogy
Online.
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Abbreviations

APL altered peptide ligand of Peptide-25
1-AR.CHO Chinese hamster ovary cells expressing I-A®

P25 TCR-Tg TCR-Tg line of mice expressing TCR-Vu5-vVp11
TCRVB11 VB11 of TCR
TG40-BP1 TG40 cells expressing TCR-af

TG40-BP1/CD4  TG40-BP1 cell line for expression of CD4
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Summary

The mucosal immune system consists of molecules, cells, and organized lymphoid structures intended to
provide immunity to pathogens that impinge upon mucosal surfaces. Mucosal infection by pathogens, such
as bacteria, virus, and protozoa, results in the induction of cell mediated immunity, as manifested by T
helper, as well as cytotoxic T lymphocytes, These responses are normally accompanied by the synthesis
of secretory immunoglobulin A antibodies, which provide an important first line of defense against invasion
of mucosal surfaces by these pathogens. A new generation of live, attenuated mucosal vaccines, such as
the cold-adapted, recombinant nasal influenza, can optimize this form of mucosal immune protection.
Despite these advances, emerging and re-emerging infectious diseases are tipping the balance in favor of
the parasite; continved mucosal vaccine development will be needed to effectively combat these new
threats.
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