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Lymphopenia and restricted T cell repertoires in humans are often
associated with severe eosinophilic disease and a T cell Th2 bias. To
examine the pathogenesis of this phenomenon, C57BL/6 Rag2�/�
mice received limited (3 � 104) or large (2 � 106) numbers of CD4
T cells. Three to 5 months after transfer, mice that had received 3 �
104 T cells, but not those that received 2 � 106, developed
fulminant macrophage pneumonia with eosinophilia, Ym1 depo-
sition, and methacholine-induced airway hyperresponsiveness, as
well as eosinophilic gastritis; esophagitis and other organ damage
occurred in some cases. Donor cells were enriched for IL-4, IL-5, and
IL-13 producers. When 3 � 104 cells were transferred into CD3��/�
hosts, the mice developed strikingly elevated serum IgE. Prior
transfer of 3 � 105 CD25� CD4 T cells into Rag2�/� recipients
prevented disease upon subsequent transfer of CD25� CD4 T cells,
whereas 3 � 104 regulatory T cells (Tregs) did not, despite the fact
that there were equal total numbers of Tregs in the host at the time
of transfer of CD25� CD4 T cells. Limited repertoire complexity of
Tregs may lead to a failure to control induction of immunopatho-
logic responses, and limitation in repertoire complexity of conven-
tional cells may be responsible for the Th2 phenotype.

eosinophils � IgE � IL-4 � macrophages � pneumonia

In primary human immunodeficiencies in which limited num-
bers of T cells are delivered to the periphery, a common

phenotype is eosinophilia, occasionally markedly elevated levels
of serum IgE, and lymphocytic infiltration of parenchymal
tissues. This phenotype is seen in Omenn’s syndrome, maternal
engraftment in SCID, and atypical complete DiGeorge syn-
drome (1). Omenn’s syndrome is perhaps the most well studied
of these diseases. It is a severe combined immunodeficiency
commonly caused by mutations in Rag 1 or Rag 2 that severely
reduce, but do not eliminate, the recombinase’s function (2). In
patients with Omenn’s syndrome the periphery is populated by
oligoclonal T cell populations heavily weighted toward expres-
sion of the Th2 phenotype, despite the fact that there is no
intrinsic defect in the peripheral T cells themselves. The limited
T cell repertoire seen in Omenn’s syndrome is also a feature of
the other immunodeficiencies associated with erythroderma,
hypereosinophilia and elevated serum IgE. In advanced HIV
infection, the eosinophilia that often develops is associated with,
and may be caused by, the limited T cell repertoire (3). Cuta-
neous T cell lymphoma (mycosis fungoides) has also been
reported to be associated with a limited peripheral T cell
receptor (TCR) repertoire, a Th2 phenotype, and peripheral
eosinophilia (4, 5).

Examples of lymphopenia associated with a Th2 phenotype,
hypereosinophilia, and/or elevated IgE have also been observed
in mice. This phenotype is seen in lat mutants (6, 7). It has
recently been reported that mice with limited numbers of CD4
T cells, such as MHC class II�/� mice and nu/nu mice, have
elevated serum IgE (8). There are no mouse models, however,
of lymphopenia in the context of normal thymic and peripheral
development.

Upon transfer into lymphopenic hosts, T cells undergo a
process termed homeostatic or lymphopenia-induced prolifera-
tion. This proliferation is thought to be driven by cytokines as
well as TCR engagement. It is unclear whether the peptides
recognized by the proliferating T cells are derived from self-
proteins, from gut flora, or from foreign antigens (9).

We have reported that a reduced TCR repertoire with normal
numbers of memory phenotype CD4 cells can be achieved by
transferring small numbers of CD4� T cells into lymphopenic
recipients (10). The question arises as to whether this state of
reduced repertoire could have deleterious effects for the recip-
ient organism, much like the profound phenotype seen in the
immunodeficient conditions mentioned above. Here we show
that these mice develop a severe, multiorgan eosinophilic dis-
ease, strikingly elevated levels of serum IgE (when B cells are
present), and a memory population of Th2-phenotype CD4 T
cells. An important element in the development of this disease
appears to be the limited repertoire of regulatory T cells (Tregs).

Results
Rag2�/� Mice Receiving a Small Number of CD4 T Cells Develop
Severe Multiorgan Inflammatory Disease. Transfer of CD4 T cells
from C57BL/6 donors into syngeneic Rag2�/� recipients leads
to rapid proliferation of a portion of the transferred cells. At 2
months after transfer, the number of CD44hi CD4 cells in the
lymph nodes of the recipients is �1 � 106, independent of the
number of cells transferred, over a range from 104 to 107 (10).

Although the number of CD44hi CD4 T cells present 6 weeks
after transfer was independent of the number of transferred
cells, the recipients of large and small numbers of cells showed
a striking difference in their subsequent development of an
eosinophilic inflammatory disease. C57BL/6 Rag2�/� mice
received either 3 � 104 or 2 � 106 CD4 lymph node T cells from
C57BL/6 donors. Three to 6 months after transfer, mice that had
received 3 � 104, but not mice that had received 2 � 106, CD4
T cells had severe macrophage pneumonia with eosinophilic and
lymphocytic infiltrates, mucus metaplasia of airway epithelium,
and eosinophilic crystal formation, both within pulmonary mac-
rophages and in the extracellular space (Figs. 1 A–C and 2A). The
crystals were found to be Ym1-positive (Fig. 1 D and E). Ym1
is an eosinophilic and potentially eosinophilotactic crystal pro-
duced by ‘‘alternatively activated’’ macrophages (11). These mice
also displayed methacholine airway hypersensitivity (Fig. 3A).
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A marked eosinophilic gastritis with inflammation of the
glandular stomach and forestomach and with complete parietal
cell loss with some vacuolization was also present in mice that
received 3 � 104, but not 2 � 106, CD4 T cells (Figs. 1F and 2B).
Some recipients of 3 � 104 CD4 T cells also developed eosin-
ophilic esophagitis and variable small and large bowel lesions,
not as consistently characterized by eosinophil infiltration. Other
lesions commonly found in these mice were myeloid hyperplasia
and chronic inflammation, with occasional eosinophilic infiltra-
tion of the liver, and mesenteric lymph node granulomas with
fibrosis and giant cells [supporting information (SI) Fig. 6].
Sporadic lymphomas, sarcomatous change of mesenteric gran-
ulomata, conjunctivitis with eosinophils (SI Fig. 6), and spinal
neuritis were also noted.

Even at 1 month after transfer of 3 � 104 CD4 T cells, sparse
areas of perivascular lymphocytic infiltration in the lungs and
eosinophilic and lymphocytic inflammation in the stomach were
noted (SI Fig. 6). At 2 months after transfer of 3 � 104 CD4 T
cells, more pronounced lesions with macrophage infiltration in
the lungs and mucus metaplasia of bronchiolar endothelium
were found, in some instances encompassing entire lung lobes.
In the stomachs of these ‘‘2-month’’ mice there was more
pronounced eosinophilic and lymphocytic inflammation, partic-
ularly of the glandular stomach. The inflammatory response was
similar, if not more severe, in mice that had received 3 � 104

CD25� ‘‘naı̈ve’’ (CD44lo) CD4 T cells. More variably, transfer
of 2 � 106 CD25� naı̈ve CD4 T cells also induced this inflam-
matory disease (Table 1 and Fig. 2). CD4 T cells derived from
AND TCR transgenic mice on a Rag2�/� background, whose T

cells are specific for a pigeon cytochrome c peptide, did not
induce disease when either 3 � 104 or 2 � 106 cells were
transferred, although these AND cells underwent vigorous pro-
liferation in the lymphopenic host. This finding indicates that not
all proliferating T cells with limited receptor diversity (here,
monoclonal) can induce disease (Table 1).

Disease Induction in Rag2�/� Recipients Appears to Be Related to Th2
Phenotype and Is Associated with Elevated Serum IgE in CD3��/�
Recipients. A larger proportion of the CD44hi CD4 T cells isolated
from peripheral lymph nodes of mice that had received 3 � 104

cells produced IL-4, IL-5, and IL-13 upon ex vivo stimulation
than those that had received 2 � 106 cells. The frequency of
IFN�-producing cells was similar in mice that had received small
or large numbers of cells (Fig. 3B).

When limited numbers of CD4 T cells were transferred into
CD3��/� recipients, which lack T cells but have B cells, striking
elevation in serum IgE levels was noted. Thirty thousand total
CD4 T cells or naı̈ve CD25� CD4 T cells or 2 � 106 total CD4
T cells or naı̈ve CD25� CD4 T cells were transferred into
CD3��/� recipients. By 1 week after transfer, mice that had
received the larger numbers of T cells displayed detectable
serum IgE. At 4 weeks after transfer, all mice had significant
amounts of serum IgE (1–10 �g/ml). However, at 8 weeks and 12
weeks after transfer, mice that had received 3 � 104 CD4 T cells
displayed massive increases in serum IgE, with a mean concen-
tration of �350 �g/ml in mice that had received 3 � 104 naı̈ve
CD25� CD4 T cells 12 weeks earlier (Fig. 3C). The induction of
IgE depended on IL-4 produced by the transferred cells, because
Il4�/� donor CD4� T cells were unable to elicit detectable IgE

Fig. 1. Pathology at 4 months after transfer of 3 � 104 CD4 T cells into
Rag2�/� mice. (A) Gross pathology of lungs from normal Rag2�/� mice and
mice that had received 3 � 104 CD4 T cells. (B and C) H&E stain (B) and Luna
stain (C) for eosinophils (red arrow) and eosinophilic crystal-laden macro-
phages (black arrow). (D and E) Immunohistochemical anti-Ym1 stain of lungs
from mice that had received 3 � 104 CD4 T cells (D) and of lungs from normal
mice (E). (F) H&E stain of junction of forestomach and glandular stomach from
mice that had received 3 � 104 CD4 T cells showing eosinophilic and lympho-
cytic infiltrate with parietal cell loss.

Fig. 2. Representative H&E sections of whole lung (A) and junction of
glandular stomach and forestomach (B) from Rag2�/� mice 4 months after
transfer of 30,000 CD25� CD44lo CD4 T cells, 30,000 CD4 T cells, 2 million
CD25� CD44lo CD4 T cells, or 2 million CD4 T cells and from an age-matched
Rag2�/� control that had not received cells.
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in the serum of CD3��/� hosts up to 8 weeks after transfer (data
not shown). As noted above, recipients of 3 � 104 CD4 T cells
displayed airway hypersensitivity as did recipients of 3 � 104 and

2 � 106 naı̈ve CD25� CD4 T cells. Mice that received 2 � 106

CD4 T cells did not display airway hypersensitivity (Fig. 3A).

Failure of Lymphocytes from Affected Mice to Transfer Accelerated
Disease Onset to Naı̈ve Recipients. To determine whether lymph
node T cells from mice that had severe macrophage pneumonia
would cause an accelerated onset of disease when transferred to
Rag2�/� recipients, 2 � 105 lymph node T cells from such mice
were transferred to Rag2�/� hosts. In two experiments involv-
ing 10 recipients, no disease was noted up to 1.5 months after the
transfer, implying that these cells did not cause an accelerated
onset of disease.

Disease Is Associated with Autoantibody Formation. To determine
whether CD3��/� recipients of small numbers of CD4 T cells
developed antiparietal cell antibodies, we incubated normal
stomach sections with serum from such recipients and used FITC
anti-IgG to detect autoantibodies. Mice that had received 2 � 106

total or CD25� naı̈ve CD4 T cells had no detectable antiparietal
cell antibodies (0/4 and 0/3, respectively) whereas almost all of
those receiving either 3 � 104 total or CD25� naı̈ve CD4 T cells
were strongly positive for such antibodies (3/4 and 4/4, respec-
tively) (Fig. 4).

CD25� Tregs Play a Role in Controlling Lymphopenia-Associated
Disease. When limited numbers of CD4 T cells are transferred
into lymphopenic recipients, the memory cells present 1 month
after transfer have very limited TCR repertoire diversity (10).
Because the relative expansion of CD25� and CD25� cells in
these mice is similar (10), it is likely that the TCR repertoires of
both the conventional and regulatory T cells in mice that
received small numbers of CD4 T cells are of limited complexity.
We asked whether pretransfer of CD25� cells could protect
mice against the induction of the eosinophilic inflammatory
disease induced by CD25� naı̈ve CD4 T cells and whether the
number of initially transferred CD25� cells would determine
whether there was protection.

A total of 3 � 104 or 3 � 105 CD25� CD4 T cells were injected
into Rag2�/� mice. At 2 months, mice were killed and the total
number of CD25� T cells in the lymph nodes and spleen were
similar (Fig. 5A), consistent with a previous report (12). We then
introduced 2 � 106 CFSE-labeled CD25� naı̈ve CD4 T cells into
other mice that had initially received similar transfers of CD25�
T cells. Although the number of CD25� cells at the time of the
secondary transfer was similar in mice that had initially received
3 � 104 or 3 � 105 CD25� cells, only in mice that had received
the larger number of CD25� cells was the rapid division of the
newly introduced, CD25� naı̈ve CD4 T cells prevented (Fig. 5B).

To test whether the pretransfer of Tregs would regulate
disease induction, 3 � 104 or 3 � 105 sorted, CD25� CD4 T cells
were injected into Rag2�/� mice. Two months later 2 � 105

CD25� CD4 T cells were transferred into these mice, and the
animals were killed a further 2 months later. The number of
CD25� T cells was similar at the time of death, but there were
five times as many CD25� CD4 T cells in the mice that had
initially received 3 � 104 CD25� CD4 T cells as in those that
received an initial transfer of 3 � 105 CD25� CD4 T cells (Fig.
5C). Mice that had initially received 3 � 104 CD25� CD4 T cells
developed severe eosinophilic lung and stomach disease,
whereas the mice that had initially received 3 � 105 CD25� CD4
T cells developed far fewer lesions (Fig. 5 D–G).

Discussion
We describe here a severe multiorgan eosinophilic disease that
develops in the context of lymphopenia with reduced T cell
repertoire. This disease appears to be, in part, due to the lack of
a diverse TCR repertoire among the Foxp3� Tregs. It can be
argued that limitation in TCR diversity in the Treg population

Fig. 3. Th2 phenotype predominates in diseased mice. (A) Methacholine
hypersensitivity. Mice were placed individually in a whole-body plethysmo-
graph (Buxco Electronics), and Penh values were calculated. There were three
to five mice per group. Doses of methacholine �12 mg/ml resulted in death for
a number of the mice in the groups receiving 30,000 T cells. (B) Peripheral
lymph node cells from Rag2�/� mice that had received 3 � 104 or 2 � 106 CD4
T cells 4 months earlier were stimulated with PMA and ionomycin for 6 h;
monensin was added for the last 2 h. Cells were stained for CD45.1 to identify
transferred cells. Cells were then fixed, permeabilized, and stained for intra-
cellular cytokines. Each group consisted of four to five mice; shown is a
representative experiment of three similar experiments. (C) Elevated serum
IgE. B10.A CD3��/� mice intravenously received the cells indicated and were
bled at the times indicated, and serum IgE was measured by ELISA. There were
four mice in each group; this experiment was repeated once with similar
results. Standard error bars are shown.
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would make these cells less efficient in inhibiting the action of
conventional (effector) T cells that mediate the immunopathol-
ogy observed in this transfer system. The implication is not
necessarily that the conventional and regulatory T cells popu-
lations must have matching repertoires for normal control of
autoimmunity/immunopathology but rather that some level of
intersection of repertoires is needed, if only to ensure that
potentially pathogenic T cells and regulatory T cells are activated
in the same place, at the same time, so that the regulatory cells
could have the opportunity to control the potential effectors.

Although the importance of regulatory T cells in the control
of the immunopathology observed when small numbers of CD4
T cells are transferred into lymphopenic recipients seems clear,
the reason for the Th2 diathesis in the resulting immunopathol-
ogy is not obvious. It is possible that the absence of effective
regulatory cells by itself is sufficient to induce a Th2-like
immunopathology, independent of the number of ‘‘effector’’
cells transferred. Foxp3�/� mice demonstrate severe Th2 dis-
ease with markedly elevated serum Th2 (and Th1) cytokines as
well as IgE (13). The fact that disease is more sporadic and serum
IgE levels are not as high in mice that received 2 � 106 sorted
naı̈ve CD25� CD4 effector T cells than in mice that received 3 �
104 sorted cells could possibly be accounted for not by an
inherent Th2 predisposition in mice receiving lower cell numbers
but rather by the transfer of more contaminating Tregs with the
larger number of sorted cells. There is a population of Foxp3�,
CD25� CD4 T cells (�10% of Foxp3� cells) (14). Thus,
substantially more regulatory cells (�1 � 104, assuming that
Foxp3� cells are �5% of CD44dull CD4 T cells) (B. Min,
personal communication) would be transferred with the larger
number of sorted cells than with the smaller number, where the
number of Foxp3� cells may be anticipated to have been �150.
The latter may be too small a frequency to inhibit a Th2 response

even after homeostatic expansion whereas the former may have
been partially active. Furthermore, lymphopenia-driven expan-
sion has been associated with conversion of CD25� Foxp3� to
the Foxp3� phenotype (15), suggesting that the diversity of
TCRs in the regulatory population may be increased by the
presence of a complex TCR repertoire among conventional cells
undergoing rapid proliferation. In a mouse immunization model,
elevated serum IgE and allergy have been noted when only
monoclonal T and B cell populations specific for the antigen are
present, but the phenotype is markedly inhibited when regula-
tory T cells are present (16). Although the absence or reduced
repertoire of natural or peripherally converted regulatory T cells
alone may explain the Th2 disease, it is still possible that an
effector population of limited TCR diversity may intrinsically
differentiate to the Th2 phenotype much more efficiently than
a similar population of greater TCR diversity.

There are a number of possible explanations to account for
Th2 pathology as due to an intrinsic property of effector cells
transferred at lower frequencies. It may well be that the larger
number of divisions that would be required in mice receiving
fewer CD4 T cells may in some way predispose the cells to Th2
differentiation, perhaps in part because of a greater propensity
of differentiating Th1 cells to undergo apoptosis (17). Alterna-
tively, TCR affinity for antigen may determine that a Th2-like
differentiation is dominant when there is a limited TCR diver-
sity. Thus, on the average any newly formed pMHC complex is
less likely to find a complementary high-affinity TCR when
diversity is low, and thus most interactions in mice that receive
small numbers of CD4 T cells are likely to be of low affinity. It
has been shown in several systems that priming with peptides of
low affinity for the receptor of the responding T cell (i.e., altered
peptide ligands) (18) or with low concentrations of peptides (19,
20) favors Th2 differentiation. If such low-affinity responses are
normally ‘‘outcompeted’’ when high-affinity interactions also
occur, then one could anticipate that, in a population of limited
diversity, on the average, Th2 differentiation of activated CD4 T
cells would be favored. A related possibility is raised by a recent
report that Tregs exert preferential control of CD5low effectors
(21). Such cells presumably have lower affinity for self; thus, in
the absence of Tregs their ‘‘self’’ response would be relatively
favored, and, if they tended to develop into Th2 cells, then a
preferential self-specific Th2 response in the absence of Tregs
would be expected, which might be even more marked with a
limited repertoire diversity.

Many of the lymphopenic C57BL/6 mice receiving CD25�
Treg-depleted cell populations did not develop colitis, which
would have been expected with such transfers (22). Differences
in gut microflora could potentially explain this. Interestingly, in
a different National Institutes of Health animal facility, transfer
of 5 � 105 CD45RBhi CD4 cells into C57BL/6 Rag2�/� recip-
ients resulted in colitis only 20% of the time, but in C57BL/10
Rag2�/� recipients such transfer resulted in colitis 80% of the
time. Furthermore, an eosinophilic, Ym1� pneumonia was seen

Table 1. Summary of disease induced by transfer of CD4 or CD25� CD44lo CD4 T cells into Rag2�/� mice

Cells
Macrophage/

eosinophil pneumonia
Eosinophilic

gastritis
Eosinophilic
esophagitis

Liver
inflammation Colitis

Mesenteric lymph
node granuloma

30,000 CD25� CD44lo cells 13�13 13�13 5�8 8�8 4�13 7�13
30,000 CD4 cells 7�7 4�7 1�7 5�7 5�7 3�7
2 million CD25� CD44lo cells 3�6 4�6 3�6 2�6 0�6 0�6
2 million CD4 cells 0�7 0�7 0�7 0�7 0�7 0�7
AND 30,000 CD4 cells 0�3 0�3 0�3 0�3 0�3 0�3
AND 2 million CD4 cells 0�3 0�3 0�3 0�3 0�3 0�3

Shown are results from three or more separate experiments for each group, with pathology determined at least 4 months after transfer.

Fig. 4. Antiparietal cell antibodies in mice receiving 30,000 CD4 T cells.
Fluorescence microscopy to detect antiparietal cell antibodies in serum from
CD3��/� recipient mice 12 weeks after transfer of 30,000 (Upper Left) or 2
million (Upper Right) sorted CD44lo CD25� CD4 T cells. Mouse serum was
incubated on normal mouse stomach sections, and a FITC-labeled F(ab�)2 goat
anti-mouse IgG antibody was used for detection. Results from the staining
experiment are summarized in Lower.
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20% of time in C57BL/10 recipients but not in C57BL/6,
Rag2�/� recipients (B. Kelsall, personal communication).

Although we were able to detect specific antiparietal cell
autoantibodies in CD3��/� recipient mice with eosinophilic
immunopathology, we were not able to rapidly induce the
disease by transferring cells from the draining nodes of affected
mice to healthy Rag2�/� mice. This finding suggests that the
immunopathologic response may be due to ‘‘bystander’’ effector
functions as opposed to cognate TCR-based recognition of
‘‘autoantigens.’’ This is not surprising given the uniform induc-
tion of disease despite the very low numbers, and hence the
limited TCR diversity, of cells transferred. Bystander, noncog-
nate antigen-driven hyperIgE production in nu/nu or MHC class
II�/� mice has recently been reported and has been attributed
to IL-4 production from the few remaining CD4� T cells in these
immunodeficient mice (8). Furthermore, the simple introduction
of IL-13 or IL-4 into airways can induce airway hypersensitivity
and mucus metaplasia (23), implying that local cytokine pro-
duction in a ‘‘sensitive’’ environment in and of itself can induce
immunopathology.

While not mimicking every phenotype of disease associated
with primary human immune deficiencies associated with mark-
edly reduced T cell repertoires, we have created a model for
lymphopenia and Th2 disease. This model may also be useful in
studying other Th2-associated immunopathologic states such as
allergy and ‘‘extrinsic’’ asthma. Antigen encounters during pe-
riods of limited TCR repertoire may predispose CD4 T cells
toward Th2 differentiation, due to the lack of TCR specificity-
matching between regulatory and effector T cells, an effector T
cell intrinsic predisposition toward Th2 phenotype when TCR

repertoires are reduced, or both. Future study of such antigen-
specific encounters in the context of lymphopenia are needed to
elucidate the mechanism by which the Th2 phenotype emerges.

Materials and Methods
Mice. B10.A, Ly5.1 B10.A, C57BL/10, C57BL/10 AND TCR Tg,
C57BL/10 Rag2�/�, B10.A Rag 2�/�, B10.A CD3��/�, Ly5.1
C57BL/6, C57BL/6 Rag2�/�, and C57BL/6 IL-4�/� mice were
obtained from the National Institute of Allergy and Infectious
Diseases contract facility at Taconic Farms (Germantown, NY).
C57BL/6 mice were obtained from The Jackson Laboratory (Bar
Harbor, ME). Mice were maintained under pathogen-free con-
ditions at the National Institute of Allergy and Infectious
Diseases animal facility.

Adoptive Transfer. CD4, CD25� CD4, CD25� CD4, or CD25�/
CD44dull CD4 lymph node cells were obtained by sorting on a
FACSVantage SE or FACSAria (Becton Dickinson, Franklin
Lakes, NJ). Purity was �99%. In some cases, cells were labeled
with CFSE (Molecular Probes, Carlsbad, CA) at a final concen-
tration of 1.25 �M. Cells suspended in PBS were transferred via
tail vein injection into recipient mice.

Flow Cytometry. Anti-CD25-allophycocyanin (APC) (PC61),
CD4-FITC (3T4), CD44-phycoerythrin (PE), CD44 PE-cy5.5,
CD45.1-PE, CD45.2-FITC, CD45.1 PE-cy5, IL-4-PE, IL-5-PE,
and IFN�-APC were purchased from BD Pharmingen (San
Diego, CA). Anti-FoxP3 was purchased from eBiosciences (San
Diego, CA). Anti-IL-13 (clone 38213) was purchased from R &
D Systems (Minneapolis, MN) and conjugated to APC at the

Fig. 5. Transfer of large but not small numbers of Tregs controls disease. CD45.2 Rag2�/� mice received either 3 � 104 or 3 � 105 sorted CD25� CD45.1 CD4
T cells intravenously. (A) Lymph nodes and spleens were harvested, and transferred CD45.1 cells were counted 12 weeks later. (B) Ten weeks after primary CD45.2,
CD25� CD4 T cell transfer, 1 million CFSE-labeled CD45.1 CD25� CD4 T cells were transferred, and lymph nodes were harvested 1 week later. Representative
CFSE profiles of transferred CD45.1 T cells are shown. (C) Ten weeks after primary CD45.2� Treg transfer, mice received a second transfer of 1 � 105 CD25�
CD45.1� CD4 T cells. Cells were harvested 10 weeks later. CD45.1� and CD45.2� CD4 T cells were enumerated, and pathology of mice initially receiving 3 � 104

Tregs (D and F) or 3 � 105 Tregs (E and G) was examined. Cell yields and representative pathology are shown. There were two to three mice in each group. This
experiment was repeated once with similar results. Standard error bars are shown.
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National Institute of Allergy and Infectious Diseases core cus-
tom antibody facility. All f low cytometry was performed on a
Becton Dickinson FACSCalibur and analyzed by using FloJo
software.

Pathology/Immunohistochemistry. Immediately after killing mice
in a CO2 chamber, organs were removed, fixed in neutral
buffered formalin, and embedded in paraffin. Sections were
stained with hematoxylin and eosin. Selected tissues were
stained with Masson’s trichrome (for collagen) or Luna stain (for
eosinophils). Immunohistochemistry was performed on some
tissues with antibodies to Ym-1 (24) by the ABC method (Vector
Laboratories, Burlingame, CA). Antiparietal cell antibodies
were detected by immunofluorescence on cryostat sections of
normal BALB/c stomach as described (25). Briefly, sections
were blocked with 2% FBS in 5% dry milk in PBS and incubated
with a 1/50 dilution of serum for 1 h at room temperature. The
presence of autoantibodies was visualized by adding FITC-goat
F(ab�)2 anti-mouse Ig (BioSource, Camarillo, CA). Slides were
examined under a fluorescence microscope and given a score of
0–4 depending on the extent of parietal cell staining by an
observer who did not have knowledge of the treatment the mice
had received.

Methacholine Hypersensitivity. Airway hyperresponsiveness of
control Rag2�/� mice and recipients of cell transfers was
measured by challenging the mice with increasing doses of
nebulized methylcholine (0, 6, and 12 mg/ml) in PBS and
measuring ‘‘enhanced pause’’ by using whole body plethysmog-
raphy (Buxco Electronics, Wilmington, NC) following the man-

ufacturer’s instructions. Doses above 12 mg/ml resulted in
significant morbidity in compromised mice consistent with
asphyxia.

IgE ELISA. Immulon 4 96-well microtiter plates were coated with
100 �l of anti-mouse IgE (Pharmingen) per well at 2 �g/ml in
PBS overnight at 4°C. Plates were washed with wash buffer (PBS
plus 0.05% Tween 20) and blocked for 1 h at room temperature
with diluent/blocking buffer (PBS plus 0.5% BSA plus 0.05%
Tween 20). Samples [1/50 or 1/500 dilutions of mouse serum or
mouse IgE standard (Pharmingen)] were added and incubated
for 2 h at room temperature. Plates were washed, and biotin-anti
mouse IgE (Pharmingen) was added in diluent/blocking buffer
for 2 h at room temperature. Plates were washed again, and
streptavidin-HRP (Pharmingen) (1/4,000 dilution in diluents/
blocking buffer) was added for 1 h. Plates were washed again,
TMB solution (Sigma, St. Louis, MO) was added for 2–3 min,
and Stop Solution (2N H2SO4) was then added. Plates were read
at 450 nm, and the optical densities of the samples were then
plotted on the linear part of the standard curve and multiplied
by the dilution factor to calculate IgE concentration in serum
samples.
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