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B7RP-1-ICOS Interactions Are Required for Optimal
Infection-Induced Expansion of CD4ⴙ Th1 and Th2 Responses1
Emma H. Wilson,* Colby Zaph,* Markus Mohrs,† Andy Welcher,‡ Jerry Siu,‡ David Artis,2*
and Christopher A. Hunter2*
Although initial reports linked the costimulatory molecule ICOS preferentially with the development of Th2 cells, there is evidence
that it is not required for protective type 2 immunity to helminths and that it contributes to Th1 and Th2 responses to other
parasites. To address the role of ICOS in the development of infection-induced polarized Th cells, ICOSⴚ/ⴚ mice were infected
with Trichuris muris or Toxoplasma gondii. Wild-type mice challenged with T. muris developed Th2 responses and expelled these
helminths by day 18 postinfection, whereas ICOSⴚ/ⴚ mice failed to clear worms and produced reduced levels of type 2 cytokines.
However, by day 35 postinfection, ICOSⴚ/ⴚ mice were able to mount an effective Th2 response and worms were expelled. This
delay in protective immunity was associated with a defect in infection-induced increases in the number of activated and proliferating CD4ⴙ T cells. Similarly, following challenge with T. gondii ICOS was required for optimal proliferation by CD4ⴙ T cells.
However, the reduced number of activated CD4ⴙ T cells and associated defect in the production of IFN-␥ did not result in
increased susceptibility to T. gondii, but rather resulted in decreased CNS pathology during the chronic phase of this infection.
Taken together, these data are consistent with a model in which ICOS is not involved in dictating polarity of the Th response but
rather regulates the expansion of these subsets. The Journal of Immunology, 2006, 177: 2365–2372.

S

uccessful activation of T cells requires a primary signal
mediated by MHC/TCR interactions and a secondary signal provided by costimulation. Probably the best studied
second signal is provided by the B7/CD28 interaction that promotes T cell production of IL-2, proliferation, and survival. However, it is clear that there are CD28-independent pathways of T cell
activation and costimulatory properties have been ascribed to
many molecules, including the inducible costimulatory molecule
(ICOS). This member of the CD28 family can act as a positive
costimulator of T cell production of IFN-␥, IL-4, and IL-10 (1, 2).
Its ligand, B7RP-1 (ICOS-L), is constitutively expressed on a wide
range of professional and nonprofessional APC, but ICOS is only
present on activated T cells, suggesting a role distinct from that of
CD28 (for review, see Ref. 3).
Originally, ICOS was associated with the preferential differentiation of Th2 cells (4 –7), which is consistent with reports that
resting Th2 cells express more ICOS than Th1 cells (4, 8) and that
this costimulatory molecule regulates c-Maf expression (9) and
GATA-3 induction (10). In addition, blockade of ICOS during
CD4⫹ T cell differentiation in vitro led to increased levels of
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IFN-␥ and reduced IL-4 and IL-10 production (4, 11, 12). However, there are also reports that Th2 responses occur in the absence
of ICOS in models of allergy, graft vs host disease, and helminth
infection models (13–17). Paradoxically, other studies identified a
requirement for ICOS in the generation of Th1 responses (18) and
seems to play an important role in IL-10 production (8) and for the
inhibitory mechanisms of T regulatory cells (19 –21).
Although there are conflicting reports on the requirement for
ICOS/B7RP-1 interactions in T cell differentiation, there is a general consensus that ICOS, due to its role in up-regulating CD40L
on T cells and thus for class switching and germinal center formation, is critical for T cell-dependent B cell help (1, 4, 5, 22, 23).
The clinical importance of this finding is illustrated in humans by
reports of patients with a homozygous deletion of ICOS associated
with common variable immunodeficiency characterized by defects in
Ab production and susceptibility to bacterial infections (24). Moreover, T cells from these patients display no defects in cytokine production or proliferation when stimulated ex vivo and, similar to the
studies in murine models, the role of ICOS during the generation of T
cell responses in humans has been harder to define (25–28).
To test the requirement of ICOS for CD4⫹ T cells in vivo,
studies were undertaken using two complimentary models of polarized T cell responses. Resistance to the gastrointestinal helminth
Trichuris muris is dependent on the generation of a Th2 response
(for review, see Refs. 29 and 30), whereas the protozoan, Toxoplasma gondii, stimulates a polarized Th1 response to control parasite replication (for review, see Refs. 31–33). The experiments
presented here indicate that the role of ICOS during infection is not
influencing the differentiation of polarized CD4⫹ T cells but rather
for the expansion of Th1 and Th2 cells in vivo.

Materials and Methods
Animals
BALB/c ICOS⫺/⫺ mice were originally generated by Tak Mak (6) and
gifted by Amgen and bred at Charles River Laboratories. Control BALB/c
mice were purchased from Charles River Laboratories. BALB/c bicistronic
IL-4 reporter mice were generated as previously described and originally
0022-1767/06/$02.00
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provided by M. Mohrs (Trudeau Institute, Saranac Lake, NY) (34, 35).
Animals were maintained in a specific-pathogen free environment and
tested negative for pathogens in routine screening. All experiments were
conducted following the guidelines of the University of Pennsylvania Institutional Animal Care and Use Committee.

Parasites, Ags, and infections
Trichuris muris was maintained in genetically susceptible or immunocompromised animals. Isolation of Trichuris excretory-secretory Ag and eggs
was conducted as described previously (36). Mice were infected on day 0
with 150 –200 embryonated eggs, and parasite burdens were assessed on
various days postinfection. In some cases, mice were treated i.p. with PBS
sham or 500 g of anti-IFN-␥, as previously described (37–39), every 4
days between day 4 and 20 postinfection. mAbs against IFN-␥ (XMG-6)
were purified from ascites by ammonium sulfate precipitation and extensively dialyzed against PBS. The Me49 strain of T. gondii was maintained
in infected Swiss Webster, and CBA/CaJ mice and cysts were prepared
from brains of donor mice as described previously (40). Experimental mice
were infected with 20 cysts by i.p. injection in 200 l of PBS. Experiments
were performed on 6- to 8-wk-old female mice. Soluble toxoplasma Ag
(sTAg)3 was prepared from RH strain tachyzoites as described previously
(41). The activity of sTAg was titrated to determine the optimal concentration for splenocyte proliferation and cytokine production (20 –25 g/ml)

Analysis of type 2 responses
Serum was analyzed by ELISA for Trichuris-specific IgG1 and IgG2a as
described previously (36). Total serum IgE was analyzed with an OptEIA
IgE ELISA kit, following the manufacturer’s recommendations (BD
Pharmingen). Segments of cecum were removed, washed in sterile PBS,
and fixed for 24 h in 4% paraformaldehyde. Tissues were processed routinely and paraffin embedded using standard histological techniques. For
detection of intestinal goblet cells, 5-m sections were cut and stained with
Alcian blue-periodic acid Schiff’s reagent. For quantification purposes, the
number of goblet cells in 20 random crypts from serial sections were
counted. Isolation of proteins from stool samples was performed as described previously (36). Equal amounts of protein were analyzed by SDSPAGE and immunoblotted for resistin-like molecule ␤ (RELM␤) with a
polyclonal rabbit anti-murine RELM␤ Ab (PeproTech).

Analysis of T. gondii-specific responses
For histological analysis of brains during T. gondii infection, brains were
removed from each mouse and fixed overnight in 10% Formalin neutralbuffered solution (Sigma-Aldrich) and embedded in paraffin. Then, 5-m
paraffin sections were stained with H&E for visualization of pathological
changes. To score pathological changes, a blinded analysis was performed
using a score of 0 for no pathological changes; 1 for mild disease characterized by few lymphocytic infiltrates, no perivascular cuffs, and no meningitis; 2 for widespread lymphocytic infiltration with localized perivascular cuffs and meningitis; 3 for widespread lymphocytic infiltration,
perivascular cuffing and meningitis, local gliosis, occasional necrosis, and
neutrophils; and 4 for inflammation throughout the brain with prominent
perivascular cuffs and meningitis, widespread areas of necrosis, large numbers of neutrophils, and a prominent gliosis. Slides were graded blindly by
a single individual. For brain mononuclear cell (BMNC) preparation, following sacrifice, brains were perfused with 50 – 60 ml of ice-cold PBS to
remove peripheral blood as described previously (42). Two mice were
pooled for each BMNC sample and the brains removed, placed in 4 ml of
complete RPMI 1640 medium (Invitrogen Life Technologies) supplemented with 10% FCS, 1% sodium pyruvate, 1% nonessential amino acids,
0.1% 2-ME, 100 U/ml penicillin, and 100 g/ml streptomycin (all Invitrogen Life Technologies). Tissues were then passed multiple times through
an 18-gauge needle, and the suspension was then incubated with 100 l of
collagenase/dispase (10 mg/ml) (Roche Diagnostics) for 45 min at 37°C
and then an additional 45 min at 37°C with 300 l of DNase (10 mg/ml)
(Sigma-Aldrich). The suspension was then passed through a 70-m cell
strainer, resuspended in 40 ml of complete RPMI 1640 medium, and pelleted at 2000 rpm 10 min at 4°C. Cells were resuspended in 60% isotonic
Percoll (Amersham Biosciences) solution and overlaid with 30%. The Percoll gradient was centrifuged at 1000 rpm for 25 min at 25°C without
brakes, and the top myelin layer was removed before harvesting BMNC at
the 60 and 30% interphase layer. Cells were washed with complete RPMI
1640 medium before additional analysis and resuspended at 1 ⫻ 106/ml.
3
Abbreviations used in this paper: sTAg, soluble toxoplasma Ag; BMNC, brain
mononuclear cell; mLN, mesenteric LN; PEC, peritoneal exudates cell; CD62L, Lselectin; RT, room temperature; RELM, resistin-like molecule.
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Cell culture and cytokine analysis
At necropsy, the mesenteric LN (mLN) (T. muris infection), peritoneal
exudates cells (PEC), spleen, and BMNC (T. gondii infection) were harvested, and single-cell suspensions were prepared in complete RPMI 1640
medium. Cells were plated at 1 ⫻ 106/ml in medium alone or in the presence of T. muris excretory-secretory Ag (50 g/ml) or sTAg (25 g/ml).
Cell-free supernatants were harvested after 48 h and analyzed for cytokine
secretion by sandwich ELISA.

FACS analysis
Whole splenocytes, following RBC lysis, or BMNC were resuspended in
FACS buffer (1⫻ PBS, 0.2% BSA fraction V, and 4 mM sodium azide) to
a final concentration of 107/ml. Then, 200 l of cells was preincubated
with a saturating solution of Fc Block for 20 min on ice and then stained
with various conjugated Abs against CD4, CD8, CD44, or L-selectin
(CD62L) (eBioscience) for 20 min on ice. For intracellular cytokine staining cells were fixed with 4% paraformaldehyde for 10 min on ice, washed
with FACS buffer, and permeabilized with 0.3% saponin (Sigma-Aldrich)
in FACS buffer. Allophycocyanin- or PE-conjugated anti-IFN-␥ were
added, and the cells were stained for 20 min on ice. For BrdU staining, cells
were permeabilized with 1% paraformaldehyde/0.05% Tween 20 for 30
min at room temperature (RT), followed by 30 min at 4°C. Cells were
pelleted and incubated in 1 ml of DNase solution (0.15 M NaCl, 4.2 mM
MgCl2, and 150 KU/ml DNase I) for 30 min at RT. Cells were pelleted, and
20 l of anti-BrdU (BD Pharmingen) was added and cells were incubated
for 30 min at RT. Cells were washed with FACS buffer and analyzed using
a FACSCalibur flow cytometer (BD Biosciences). Results were analyzed
using FlowJo software (Tree Star).

Statistics
Results represent the mean ⫾ SD unless otherwise stated. Statistical significance was determined by Student’s t test or F test when significance
was determined over several experiments. In addition, ranked data were
analyzed using a Mann-Whitney U test. A p value of ⬍0.05 was considered
significant.

Results

ICOS is expressed on CD4⫹/IL-4⫹ T cells during T. muris
infection
In mice resistant to T. muris, infection induces a Th2 response, and
studies have shown that protective immunity is dependent on
CD4⫹ T cells secreting IL-4 (43). To assay the expression of ICOS
during this infection, resistant BALB/c bicistronic IL-4 reporter
mice, where GFP expression is a marker of IL-4 gene expression
(4get mice) (44), were challenged with T. muris, and mLN cells
were harvested. Following infection, the frequency of CD4⫹/
GFP⫹ T cells increased 3- to 10-fold (Fig. 1, a and b). Analysis of
the CD4⫹/GFP⫺ and the CD4⫹/GFP⫹ T cells for ICOS expression
revealed that the GFP⫺ cells had a modest shift in ICOS expression over isotype control levels (Fig. 1c, lower panel); however, all

FIGURE 1. ICOS expression on CD4⫹ Th2 effector cells. BALB/c 4get
mice were infected with 200 T. muris eggs, and after 18 days of infection,
mLN cells were recovered from naı̈ve (n ⫽ 8) (a) and infected mice (n ⫽
16) (b) and incubated with Abs to CD4 and ICOS. Representative ICOS
expression on GFP/IL-4⫹ (c, upper panel) and GFP/IL-4⫺ (c, lower panel)
from naive and infected mice is presented. The numbers in each plot are the
percentage (⫾SD) of live CD4⫹ T cells that are GFP/IL-4⫹ from 8 naive
and 16 infected mice over four individual experiments. Significance is p ⬍
0.001 and is illustrated by ⴱ.
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CD4⫹/IL-4-expressing T cells expressed ICOS, and the level of
expression increased following infection (mean fluorescent intensity: naive ⫽ 126 ⫾ 21; day 18 ⫽ 210 ⫾ 16) (Fig. 1c, upper
panel). Thus, protective immunity to T. muris is associated with an
expansion of Th2 cells, and this population expresses high levels
of ICOS.
Defective Th2 cytokine production and increased susceptibility
to T. muris in ICOS⫺/⫺ mice
To test the significance of B7RP-1-ICOS interactions in protective
type 2 responses, BALB/c WT and ICOS ⫺/⫺ mice were infected
with T. muris and immune responses, and the infection outcome
was assessed after 18 days. Analysis of T. muris-specific T cell
responses revealed that restimulated mLN cells from infected
BALB/c mice made a dominant Th2 response with high levels of
IL-4 (Fig. 2a), IL-13 (Fig. 2b), and low levels of IFN-␥ (Fig. 2c).
Although Ab is not required for clearance of T. muris, it provides
a surrogate indicator of the polarity of the antiparasite T cell response. As previously reported, BALB/c mice infected with T.
muris expressed high levels of parasite-specific IgG1 (Fig. 2d) and
total IgE (Fig. 2e) both indicators of a Th2 response. This dominant type 2 mediated immunity led to the expulsion of worms by
day 18 (Fig. 2f). In contrast, ICOS⫺/⫺ mice were deficient in IgG1
and IgE levels (Fig. 2, d and e) with no corresponding increase in
titers of T. muris-specific IgG2a (data not shown). This generalized
defect in B cell responses is consistent with the important role
ICOS plays in B cell function (45, 46). In addition, mLN cells from
infected ICOS⫺/⫺ mice restimulated with worm Ag produced significantly less IL-4 and IL-13 (Fig. 2, a and b), but there was a
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significant increase in parasite-specific IFN-␥ (Fig. 2c; p ⬍ 0.001).
Consistent with these suboptimal type 2 responses, ICOS⫺/⫺ mice
harbored a substantial worm burden at day 18 (Fig. 2f).
Neutralization of IFN-␥ reveals an ICOS-independent pathway
for Th2 cell generation
Previous studies demonstrated that blockade of the B7/CD28 pathway resulted in a failure to expel T. muris, but resistance could be
restored by blocking IFN-␥ (47). To test whether ICOS⫺/⫺ mice
would generate a protective Th2 response if IFN-␥ was blocked,
mice were infected with T. muris and treated with anti-IFN-␥ at
days 4, 8, 12, and 16. Although no increase was noted in the IL-4
response (data not shown), there was a trend toward increased T.
muris-specific IL-5 (Fig. 3a), and IL-13 levels in recall assays
were significantly recovered (Fig. 3b). As before, ICOS⫺/⫺ mice
had low levels of parasite-specific IgG1 and IgE responses; however, mice that were given anti-IFN-␥ treatment displayed a significant increase in parasite-specific IgG1 (Fig. 3c) and complete
recovery of total IgE levels compared with untreated ICOS⫺/⫺
mice (Fig. 3d).
Previous studies have shown that the ability to expel T. muris is
associated with goblet cell hyperplasia and secretion of RELM␤ in
the gut, a goblet cell-specific protein (36). Thus, at day 18 postinfection, BALB/c mice exhibit pronounced increases in crypt elongation, goblet cell numbers (Fig. 3, e and f), and significant secretion of RELM␤ (Fig. 3g), whereas all of these were defective in
ICOS⫺/⫺ mice (Fig. 3, e– g). However, the recovery of type 2
responses in anti-IFN-␥-treated ICOS⫺/⫺ mice was also reflected
in enhanced goblet cell responses and secretion of RELM ␤ (Fig.
3, e and f). Accordingly, recovery of Th2 cell cytokine production
and gut inflammation in ICOS⫺/⫺ mice treated with anti-IFN-␥
resulted in a significant decrease in worm burden compared with
untreated ICOS⫺/⫺ mice (Fig. 3h). Taken together, these results
indicate that, in the absence of IFN-␥, ICOS is not required for the
generation of a protective CD4⫹ Th2 cell response.
ICOS⫺/⫺ mice exhibit delayed but intact type 2 responses and
immunity to T. muris

FIGURE 2. Defective cytokine and Ab responses in T. muris-infected
ICOS⫺/⫺ mice. BALB/c and ICOS⫺/⫺ mice were infected with T. muris
eggs, and after 18 days of infection serum, mLN and guts were harvested.
mLN were restimulated with parasite Ag, and supernatants were harvested
and measured for the production of IL-4 (a), IL-13 (b), and IFN-␥ (c). T.
muris-specific IgG1 reciprocal end-point dilution (r.e.d.) (d) and total IgE
(e) levels were measured by ELISA. Worm burdens (f) were counted from
the large intestine as described in Materials and Methods. Data shown are
means of at least three mice and are representative of at least three individual experiments. Significance within experiments (b–f) and across experiments (a) where p ⬍ 0.05 is illustrated by ⴱ.

The above data imply the presence of an ICOS-independent pathway for the development of T. muris-specific Th2 cells, yet at day
18 postinfection, in ICOS⫺/⫺ mice there was a pronounced defect
in protective type 2 immune responses. To determine whether the
Th2 cell defect persists beyond day 18 postinfection, infected
BALB/c and ICOS⫺/⫺ mice were analyzed at day 35 postinfection. Restimulation of BALB/c mLN results in undetectable levels
of IL-13 and IL-5 (Fig. 4, a and b), which is consistent with contraction of T cell responses in the absence of parasites. In addition,
goblet cell hyperplasia is less pronounced (Fig. 4, c and d), and
RELM␤ levels peak at day 18 and are down-regulated by day 35
(Fig. 4e). However, at this later time point, ICOS⫺/⫺ mice produced increased amounts of IL-13 and IL-5 compared with
BALB/c mice (Fig. 4, a and b) and exhibited significant goblet cell
hyperplasia (Fig. 4, c and d). Furthermore, at this late time point,
there was substantial production of RELM␤ in ICOS⫺/⫺ mice
(Fig. 4e). Lastly, this delay in the expansion of type 2 responses in
ICOS⫺/⫺ mice can be observed in the kinetics of the worm burden.
As before, although infection levels are equivalent between
BALB/c and ICOS⫺/⫺ mice at day 12, by day 18 BALB/c mice
exhibit worm expulsion, whereas ICOS⫺/⫺ mice still have a significant worm burden. However, by day 35, coinciding with the
development of Th2 cell responses and the onset of goblet cell
hyperplasia, the worm burden in ICOS⫺/⫺ mice is reduced dramatically and by day 54 is almost absent (Fig. 4f).
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FIGURE 3. Anti-IFN-␥-treated ICOS⫺/⫺ mice are
resistant to T. muris. BALB/c and ICOS⫺/⫺ mice were
infected with T. muris and treated with control or antiIFN-␥ mAb and sacrificed at day 18 postinfection. mLN
were restimulated with parasite Ag, and supernatants
were harvested and measured for the production of IL-5
(a) or IL-13 (b). T. muris-specific IgG1 (c) and total IgE
(d) were measured from serum by ELISA. Cecal sections were harvested and stained for goblet cells (e), and
the numbers of goblet cells were counted (f), as described in Materials and Methods. Levels of RELM␤
protein were analyzed by Western blot following digestion of stool samples from naive (n) and day 16- and
18-infected mice (g). Worm burdens (h) were counted
from sections of the large intestine as described in Materials and Methods. Data shown are averages of at least
three mice and are representative of at least three individual experiments. Significance where p ⬍ 0.05 is illustrated by ⴱ.

Despite initial results suggesting that ICOS is required for the
generation of a Th2 response during infection with T. muris, it is
clear that by day 35 the ICOS⫺/⫺ mice develop protective type 2
responses. This suggests that the defects noted in the type 2 response in ICOS⫺/⫺ mice at day 18 postinfection may be due to the
poor expansion of CD4⫹ Th2 cells (17, 48) rather than a failure to
differentiate. To test this possibility, infected BALB/c and
ICOS⫺/⫺ mice were injected with BrdU 1 day before sacrifice, and
the mLN CD4⫹ T cells were analyzed for their ability to incorporate this thymidine analog, an indicator of proliferation, at various time points postinfection. Although naive BALB/c and
ICOS⫺/⫺ mice had similar background levels of BrdU incorporation, following infection at days 16, 18, and 20, ICOS⫺/⫺ mice had
significantly fewer proliferating CD4⫹ T cells with on average a
4-fold decrease in the percentage of BrdU⫹CD4⫹ T cells (Fig. 4g).
The delay in the CD4⫹ T cell response and the kinetics of the
worm burden imply that ICOS is not essential for the differentiation of Th2 cell subsets, but rather is required for optimal expansion of these cells.
ICOS is required for optimal activation and expansion of CD4⫹
T cells during T. gondii infection
Previous reports from this laboratory and others have implicated
ICOS in the generation of Th1 cell responses (48 –52). To determine whether the importance of ICOS during type 2 responses for
the expansion of Th2 cells also applies during type 1 responses,
ICOS⫺/⫺ mice were infected with T. gondii. Protection from this
intracellular parasite requires the production of IL-12 and IFN-␥ to
control parasite replication. Before infection, there are no differences in total splenic numbers or composition from BALB/c and
ICOS⫺/⫺ spleens (data not shown); however, following 7 days of
infection with T. gondii, there is a significant ( p ⬍ 0.05) defect in
the number of splenic cells and PECs recovered from ICOS⫺/⫺
mice compared with control mice (Fig. 5a). This defect, although
less severe, is also apparent at day 14 postinfection. Analysis of the
cellular composition revealed that while the percentage of CD8⫹ T
cells remained the same, there was a significant ( p ⬍ 0.05) reduction in the percentage of CD4⫹ T cells in the spleen and the PECs

of ICOS⫺/⫺ mice following infection (Fig. 5b). In addition, although the numbers of activated CD8⫹ T cells were comparable
(data not shown), the proportion of CD4⫹ T cells in the spleen that
were activated (CD44high,CD62Llow) was significantly less in
ICOS⫺/⫺ mice compared with wild-type controls (Fig. 5c, top
panel).
As with the expansion of Th2 cells during T. muris infection,
analysis of BrdU incorporation in splenic cells isolated from
ICOS⫺/⫺ mice following infection with T. gondii showed a delayed expansion of CD4⫹ T cells compared with wild-type mice
(Fig. 5d). Examination of the ability of T cells to make IFN-␥ in
response to parasite Ag revealed that the percentage of CD4⫹ T
cells producing IFN-␥ was reduced in ICOS⫺/⫺ mice (Fig. 5c,
lower panel). However, there was equivalent IFN-␥ production by
CD8⫹ T cells, and overall levels of IL-12 and IFN-␥ protein, although diminished, were not significantly defective in ICOS⫺/⫺
cultures (data not shown). Despite the decrease in CD4⫹ T cell
numbers and activation status in infected ICOS⫺/⫺ mice, there is
sufficient production of IFN-␥ that these mice did not succumb to
infection at this acute time point. Nevertheless, consistent with the
studies described above, these data reveal that in addition to being
required for the expansion of CD4⫹ Th2 cells, ICOS is also necessary for the optimal expansion of CD4⫹ Th1 cells during acute
toxoplasmosis.
Reduced inflammation during chronic T. gondii infection
Unlike T. muris, the presence of a protective T cell response to T.
gondii does not lead to sterile immunity, and the parasite will form
cysts that persist for the lifetime of the host (53). To determine
whether the defect in CD4⫹ T cell expansion seen during the acute
phase of infection is also a function of the chronic stage of infection, T cell responses were analyzed 4 – 6 wk postinfection. At this
point, chronically infected mice develop toxoplasmic encephalitis
associated with the presence of parasites in the brain. Therefore, as
well as investigating the splenic T cell response, BMNC were examined for T cell composition and cytokine production. At this
time point, wild-type and ICOS⫺/⫺ mice have similar numbers of
splenic CD4⫹ T cells (Figs. 5a and 6a); however, in the CNS, the
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FIGURE 4. Delay in the Th2 response in the absence
of ICOS. BALB/c and ICOS⫺/⫺ mice were infected
with T. muris and sacrificed at day 18 and 35 postinfection. mLN were restimulated with parasite Ag, and supernatants were harvested and measured for the production of IL-13 (a) or IL-5 (b). Cecal sections were
harvested, stained, and counted for goblet cells as described in Materials and Methods (c and d). Levels of
RELM␤ protein were analyzed by Western blot following digestion of stool samples from day 18- and day
35-infected mice (e). Worm burdens (f) were counted
from sections of the large intestine as described in Materials and Methods at days 12, 18, 34, and 54 postinfection. g, Mice were injected i.p. 1 day before sacrifice
with 200 g of BrdU/mouse, and following sacrifice at
days 0, 16, 18, and 20 postinfection, mLN cells were
incubated with Abs to CD4 and BrdU as described in
Materials and Methods. Numbers represent the frequency of live CD4⫹ cells that are BrdU⫹. Data shown
are averages of at least three mice and are representative
of at least two individual experiments. Significance
where p ⬍ 0.05 is illustrated by ⴱ.

defect in CD4⫹ T cells persists, with a significant decrease in the
total number of cells (Fig. 6b) and the percentage of CD4⫹ T cells
harvested from the brain (Fig. 6a). Despite this difference in numbers, these CD4⫹ and CD8⫹ T cells isolated from the CNS of
BALB/c and ICOS⫺/⫺ mice are equally capable of producing
IFN-␥ in response to parasite Ag (Fig. 6c); however, the defect in
the numbers of CD4⫹ T cells likely accounts for the significant
reduction in secreted IFN-␥ (Fig. 6d). Associated with the reduced
CD4⫹ Th1 cell response there is significantly less inflammation in
the brains of chronically infected resistant ICOS⫺/⫺ mice
(BALB/c 2 ⫾ 0.3, ICOS⫺/⫺ 1 ⫾ 0.4, p ⫽ 0.005) (Fig. 6e). Thus,
ICOS⫺/⫺ mice can generate a protective type 1 response; however,
the decrease in CD4⫹ Th1 expansion leads to less inflammation in
the brain.

Discussion
Since the original description of the B7RP-1/ICOS interaction, a
consensus has emerged that this pathway has an important role in
the ability of B cells to undergo class switching. In contrast, its
contribution to the development of polarized helper T cell subsets
has been less clear. There are conflicting reports that place ICOS
solely in the differentiation of Th2 cells (5, 6, 54): those that suggest that it is important in Th1 cells (15, 51) and studies that give
ICOS a degree of significance in Th1 and Th2 cell generation (4,
48, 50, 52). It has been unclear whether these apparently contradictory findings were simply a reflection of the individual experimental systems being used, or if ICOS was a key receptor involved in dictating polarity of Th cell responses. In the

FIGURE 5. CD4⫹ T cell defect in ICOS⫺/⫺ mice
following T. gondii infection. BALB/c and ICOS⫺/⫺
mice were infected with 20 cysts of T. gondii. At 7 days
postinfection, mice were sacrificed, and PEC and
splenic cells were counted (a) and incubated with Abs to
CD4 and CD8 (b) and the activation markers CD44 and
CD62L (c, upper panel). Following 48 h of restimulation with parasite Ag (sTAg), cells were stimulated with
PMA and ionomycin for 4 h in the presence of brefeldin
A and stained for intracellular IFN-␥ (c, lower panel) as
described in Materials and Methods. d, Mice were injected i.p. 1 day before sacrifice with 200 g of BrdU/
mouse, and following sacrifice at days 0, 3, 5, and 7
postinfection, splenic cells were incubated with Abs to
CD4 and BrdU as described in Materials and Methods.
Numbers represent the frequency of live CD4⫹ T cells
that are BrdU⫹. Data shown are averages of at least
three mice and are representative of at least three individual experiments. Significance where p ⬍ 0.05 is illustrated by ⴱ.
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FIGURE 6. ICOS⫺/⫺ mice have less inflammation at the chronic stage
of T. gondii infection. BALB/c and ICOS⫺/⫺ mice were infected with T.
gondii, and after 4 wk of infection, BMNC numbers were counted (b), and
these and splenic cells were incubated with Abs to CD4 and CD8 (a).
BMNC were cultured for 48 h with parasite Ag (sTAg) and stained for
intracellular IFN-␥ (c) as described in Materials and Methods. Live and
cell-specific gates were applied. Supernatants were harvested and measured
for IFN-␥ (d) by ELISA. Paraffin sections of brains from naive and infected
BALB/c and ICOS⫺/⫺ mice were stained with H⫹E (e); arrows point to
blood vessels to highlight the difference in inflammation, in particular in
the perivascular infiltrate. Data shown are averages of at least three mice
and are representative of at least three individual experiments. Significance
where p ⬍ 0.05 is illustrated by ⴱ.

experimental systems examined in this report, ICOS is not required
for the ability of a protozoan or helminth parasite to generate Th1
or Th2 cells, respectively. Rather, the decreased Th responses
noted during these infections appear to be a secondary consequence of the reduced expansion of these subsets. Thus, challenge
of ICOS⫺/⫺ mice with T. muris resulted in a significant defect in
the development of protective CD4⫹ Th2 cells associated with
decreased infection-induced incorporation of BrdU by CD4⫹ T
cells and a marked delay in worm expulsion. Since resistance to T.
muris is independent of Ab production, (Refs. 55 and 56; D. Artis,
unpublished observations), the decreased resistance is unlikely to
be related to the role of ICOS in B cell functions (1, 4, 22–24).
Nevertheless, these studies revealed the development of an ICOSindependent protective Th2 response that was observed in the absence of IFN-␥ or at later (day 35) time points. Similarly, the
absence of ICOS during toxoplasmosis resulted in a reduction in
the numbers of activated CD4⫹ T cells associated with lower levels of BrdU incorporation, but those CD4⫹ T cells that became
activated were capable of producing equivalent levels of IFN-␥.
Similarly, using a noninfectious model, Garside and colleagues
(48) showed that, when TCR transgenic T cells specific for OVA
were differentiated under Th1 or Th2 conditions in vitro and then
transferred into naive recipients, both subsets required ICOS for
subsequent expansion.

ICOS IN Th1 AND Th2 INFECTION MODELS
In many respects, the finding that ICOS is necessary for optimal
type 2 responses to T. muris is similar to the initial finding that this
molecule was required for the development of inflammatory responses in the lungs mediated by Th2 cells (5). However, the
emergence of protective immunity in the absence of IFN-␥ or at
later time points concurs with reports that ICOS was not required
for type 2 responses that develop after infection with Nippostrongylus or Brugia malayi (13, 16, 18, 54). These apparent differences may be explained by the type of antigenic stimulation
used in these experimental systems. In the model originally reported by Coyle and colleagues (5), OVA was used as the T cellspecific Ag that generated lung inflammation, and this represents a
transient stimulus with no inherent ability to induce Th2 responses.
In contrast, challenge with N. brasiliensis results in active larval
migration through multiple tissues before establishing in the gut.
This pathogen is generally regarded as one of the most potent
inducers of type 2 responses (57), and it has been shown previously that these infection-induced Th2 cells develop independently
of costimulatory molecules and other canonical signals, such as
IL-4 and IL-13, associated with the development of Th2 responses
(58 – 61). Similarly, the implantation of B. malayi in the peritoneum and the long-term survival of these metabolically active
adults provides a sustained Ag load and a powerful stimulus for
Th2 responses. When compared with these models, infection with
T. muris is relatively quiescent for the first week as the eggs hatch
and produce individual larvae that are confined to the gut and
which only become apparent after the first week. Thus, during the
early phase of this infection, there is a low Ag load associated with
limited inflammation, whereas by day 16 –18 there is considerable
Ag load and damage caused to the intestinal epithelium. In the
absence of ICOS, there were defective Trichuris-specific Th2 responses during the early phase of infection, but with the development and continued presence of adults, there is the emergence of
protective type 2 CD4⫹ T cells. These kinetics are consistent with
a model in which this costimulatory molecule promotes the development of Th2 cells when the stimulus is weak, whereas with a
more powerful insult, these responses are ICOS independent.
One of the main properties attributed to ICOS has been to provide second signals to previously activated T cells for the production of several cytokines (IL-4 and IFN-␥), as well as IL-10. While
IL-10 is a growth factor for B cells, it is also a potent inhibitor of
Th1 and Th2 responses, and in its absence, mice infected with T.
muris or T. gondii develop a lethal T cell-mediated inflammatory
response (53, 62, 63). With the emergence of additional reports
that associated ICOS with IL-10 production (4, 8) and the differentiation of regulatory T cells, a prominent source of IL-10 (19, 21,
64), one possible outcome of these experiments was that in the
absence of ICOS-mediated activation of regulatory T cells, infected mice might develop immunopathology. However, in these
studies, infection of ICOS⫺/⫺ mice did not lead to the development of any obvious T cell-mediated disease. These findings may
indicate that either ICOS is not involved in regulatory T cell generation in these particular models or that regulatory T cells have a
minor role in controlling inflammation during either of these infections. Indeed, in ICOS⫺/⫺ BALB/c mice infected with T. gondii, the reduced CD4⫹ T cell response was associated with less
severe CNS inflammation. As BALB/c mice are relatively resistant
to toxoplasmic encephalitis, the long-term consequences of these
observations are hard to gauge. However, the recent availability of
ICOS⫺/⫺ mice on a genetic background susceptible to chronic
toxoplasmosis (C57BL/6) has allowed preliminary experiments,
which indicates that the reduced pathology observed on a BALB/c
background translates into decreased mortality rates during the
later phase of infection in C57BL/6 mice (E. H. Wilson and C. A.
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Hunter, unpublished observations). A similar outcome was previously noted with CD28⫺/⫺ mice during the chronic phase of toxoplasmosis (65), and these phenotypes highlight the role of costimulation in the generation of protective immunity and its
pathological consequences.
With the original development of the two signal hypothesis for
B cells and its application to T cells, there has been an acceptance
of the critical role of costimulation in the regulation of lymphocyte
responses. Although costimulatory properties have been ascribed
to many molecules (for review, see Refs. 3 and 66), probably the
best understood interaction is provided by signaling through
CD28, which, when combined with MHC/TCR interactions, leads
to increased production of the T cell growth factor IL-2 and expression of the IL-2R. In contrast, ICOS does not regulate the
production of IL-2, and while there is a role for this costimulator
in T cell expansion, the molecular basis for these effects are unclear. Studies that have compared the signaling events downstream
of CD28 and ICOS have shown that both can bind PI3K, leading
to Akt activation, but that stimulation through ICOS results in a
more robust activation of this pathway. In addition, there is a different pattern of MAPK activation, with stimulation through ICOS
activation leading to decreased phosphorylation of JNK compared
with CD28 (67). Whether the differential signaling of ICOS leads
to prosurvival or expansion signals that are unique from those
provided by CD28 remains to be determined. It is also important
to acknowledge that these second signals are likely to occur in
environments that contain cytokines (IL-12 and IL-4) with defined
roles to induce polarization but which also provide proliferative
signals (68, 69), and it is unclear whether there is additional crosstalk between these pathways. It is to be expected that the contribution of individual costimulatory pathways during an immune
response will be a function of many factors from the type of Ag or
stimulus to the strength of polarizing signals that are present. Nevertheless, the studies presented here clarify the requirement for
ICOS during infection-induced Th1 and Th2 responses and supports the idea of a more general role for this pathway in the regulation of CD4⫹ T cell expansion rather than dictating their
polarity.
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