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ABSTRACT In mice and humans, T cells are character-
ized on the basis of T-cell receptor (TcR) expression and
divided into the major TcRaI3+ and minor TcRy8+ popula-
tions. TcRa(3+ cells are considered to be the primary regula-
tors of the immune response, whereas the function of TcRy8+
cells is unclear. Mice congenitally deficient in TcRa.3-
expressing cells provide an ideal model for analyzing the
independent in vivo function of TcRyB+ cells in the absence of
TcRaB+ cells. Here we report that lymphoid organs in TcRa
mutant mice undergo substantial enlargement after being
challenged by environmental antigens. This organ expansion
can be attributed in part to increases in the relative proportions
and absolute numbers ofTcRyB+ cells, but an expansion of the
recently described TcR8+a- population also has a role. The
expansion ofthe TcRy8+ population is polyclonal, as evidenced
by the usage of multiple y and 8 variable chain segments.
Furthermore, a substantial proportion ofthe cells appears to be
activated and these activated cells express surface activation
markers. The results clearly demonstrate that TcRy8+ cells
proliferate independently in response to a broad spectrum of
challenges. Moreover, since the expansion of the lymphoid
tissues and the TcRyB+ cell population is excessive relative to
that seen in wild-type animals, one role of TcRag38 cells is
directly or indirectly to limit the responses of the other lym-
phoid components.

T lymphocytes are divided into two populations on the basis
of the structure of the T-cell receptor (TcR) that is expressed
on the cell surface. The majority of TcRa3-expressing cells
are capable of performing all of the functions ascribed to T
cells. In contrast, the function of a small subset of T cells
expressing TcRyO remains an important but unresolved ques-
tion. In order to address this question, we have generated
mice congenitally deficient in the production of TcRac3+ T
cells. TcRy6+ cells occur in approximately normal numbers
in homozygous TcRa-/+ mutant mice when these animals are
maintained under pathogen-free conditions, rather than ex-
panding to compensate for the lack of TcRaf3+ cells (1).
Consequently, the major T-cell areas of the lymph nodes are
sparsely populated and shriveled. We have subsequently
observed that, despite an absence of TcRap+ T cells,
TcRa-/- mutant mice removed from pathogen-free condi-
tions are able to survive for extended periods of time before
showing evidence of cachexia or mortality. To assess the
ability of TcRac/- mutant mice to deal with exposure to
environmental antigens and pathogens, they were analyzed
after the conditions in which they were housed were altered.
We show here that their lymphoid organs were clearly able to
mount dramatic proliferative responses to broad antigenic
challenges, despite the absence of TcRaB+ cells.

MATERIALS AND METHODS
Animals. TcRa knockout mice have been described pre-

viously (1). Animals used in this study were between 6-wk-
and 6-mo-old. TcRa-/- mice were maintained in specific-
pathogen-free isolators. TcRa+/- and TcRa-/- mice in the
experimental groups were transferred from control, patho-
gen-free conditions to open cages in the animal facility and
exposed to a broad antigenic challenge for up to 4 wk before
being sacrificed.
Lymphocyte Isolation. Single-cell suspensions of lymph

nodes, spleens (SPLs), and Peyer's patches were made by
teasing the dissected tissues apart with forceps followed by
gentle Dounce homogenization. Cell yields and viability were
determined by trypan blue dye exclusion.
Monoclonal Antibodies (mAbs). The mAbs to murine T-cell

surface antigens used in this study were as follows: phyco-
erythrin-conjugated anti-C,8 TcR (H57), phycoerythrin-
conjugated anti-CS TcR (GL3), fluorescein isothiocyanate
(FITC)-conjugated anti-CD4 (GK1.5), FITC-conjugated anti-
CD8 (53.6.72), and FITC-conjugated anti-CD69 (Hi.2F3). All
antibodies were from PharMingen (San Diego).

Fluorescence-Activated Cell Sorter (FACS) Analysis. Iso-
lated cells were incubated with the appropriate mAb at 40C
for 30-60 min. Labeled cells were analyzed by flow cytom-
etry using a Becton-Dickinson FACScan. A total of 104 viable
cells that bound each mAb were collected.
PCR Analysis. PCR analysis of splenic TcRyS gene expres-

sion was performed as previously described (2) on cDNA
derived from splenocytes taken from TcRa-/- mice.

Proliferation Analysis. Splenocytes isolated from mice
were cultured at a density of 2 x 105 cells per well in 96-well
tissue culture plates for 72 h in the presence or absence ofCon
A. Proliferating cells were labeled by the addition of 1 uCi of
[3H]thymidine (1 Ci = 37 GBq) 16 h prior to harvesting.
Results are expressed as the mean cpm of triplicate cultures.

RESULTS
Expansion of Lymphoid Organs in Exposed TcRa+/- Mice.

To assess the extent of lymphoid organ expansion in
TcRa-/- mutant mice challenged by exposure to environ-
mental antigens compared with the extent oforgan expansion
routinely induced in wild-type mice, an experimental group of
41 TcRa-/- mutant mice and 12 age-matched TcRa+/-
heterozygous animals were transferred from specific-
pathogen-free conditions to open cages within the animal
facility. The control subset of 17 TcRa-/- mice remained in
specific-pathogen-free isolators. By gross morphology and
total cell yield the amount of lymphoid tissue of the antigen-

Abbreviations: FACS, fluorescence-activated cell sorter; TcR,
T-cell receptor; SPL, spleen; MLN, mesenteric lymph node; PPL,
Peyer's patch lymph node; PLN, pooled peripheral lymph nodes;
mAb, monoclonal antibody.
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FIG. 1. Lymphoid organ expansion in TcRa mutant mice after
exposure to environmental antigens. An example ofan enlarged SPL
from an exposed TcRa-/- mouse is shown on the left next to an SPL
from an exposed TcRa+/- control animal.

ically challenged, exposed TcRa-/- mice was greater than
that of either control unchallenged TcRa-/- or exposed
TcRa+/- animals. Several exposed TcRa-/- animals had
exceptionally large spleens (Fig. 1), with one TcRa-/- spleen
containing 4.7 x 108 mononuclear cells. The mean cell yield
from the spleens of the 41 exposed TcRa-/- mice (13.66 x

107 cells) was significantly higher than the yield from spleens
from the 12 exposed heterozygote TcRa+/- (6.02 X 107 cells)
and the 17 control unexposed TcRa-/- animals (4.74 x 107
cells). The mesenteric lymph nodes (MLNs) of exposed
TcRa-/- mice were similarly increased in size relative to
MLNs taken from control TcRa-/- and exposed TcRa+/-
mice (data not shown).

In a group of 36 TcRa-/- mice, aged 16-20 wk (Fig. 2),
there was wide variability between individual mice in the
degree of lymphoid organ enlargement. However, there was
a clear trend toward increasing cellularity in the SPL and
MLN after as little as 1 wk of exposure.

Increased Proportions ofTcRyB+ Cells in Exposed TcRa-/-
Animals. To test whether T-cell population expansion con-
tributed to the enlargement of the lymphoid organs of ex-
posed TcRa-/- mice, cell populations isolated from the SPL,
MLN, Peyer's patch lymph nodes (PPL) and pooled periph-
eral lymph nodes (PLN) were stained with anti-TcR(3 and
anti-TcRO antibodies and analyzed by FACS. Representative
profiles from an individual experiment analyzing ,( and 8TcR
expression are shown in Fig. 3.

Analysis of 41 exposed TcRa-/- mice, 12 exposed
TcRa+/- mice, and 17 unexposed TcRa-/- mice revealed
increased proportions of cells expressing TcR'y8 in all lym-
phoid compartments analyzed in exposed TcRa-/- mice
compared with either exposed TcRa+/- or control TcRa-/-
animals (Table 1). Together with the increased size and
cellularity of the lymphoid organs, these increased percent-
ages translate into a significant increase in the absolute
number of TcRyS+ cells in exposed TcRa-/- mice (data not
shown). Individual mice did not consistently show similar
increases in TcRy8+ cells in different lymphoid compart-
ments (Figs. 3 and 4), suggesting that local proliferation of y8
T cells can occur.
As shown in Fig. 5, a substantial proportion of y5 T cells

from TcRa-/- mice were positive for the activation marker
CD69, suggesting that some of the cells were activated in
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FIG. 2. Size of lymphoid organs from TcRa-/- mice expands
proportionally with time of exposure. SPL and MLN cell yields were
determined from 35 TcRa-/- mice after the animals were transferred
from pathogen-free conditions and exposed to adventitious patho-
gens in the animal facility for up to 4 wk. The number of cells from
the tissues from individual mice are shown plotted versus the length
of pathogen exposure for each animal.

vivo. Otherwise, the expanded TcRyS+ population was
mostly CD4-CD8- or CD4-CD8' (data not shown), the
same phenotype as typical y8 T cells.
To assess whether there was a preferential expansion of

certain TcRyS+ subpopulations, cDNA derived from
TcRa-/- splenocytes was analyzed by PCR for TcRy and
TcRS gene usage (Table 2). A broad distribution of y and 8
gene segments was utilized.
TcRB+a- Cells Are More Abundant in Exposed TcRa-/-

Mice. FACS analysis of cells from TcRa-/- mice also
revealed a population of cells reactive to the anti-CfB TcR
antibody, H57. This cell population was present in low
numbers in unexposed TcRa-/- mice but was significantly
elevated in the SPLs and MLNs of a large proportion of
exposed TcRa-/- mice analyzed (Fig. 6). These cells were
also observed in the Peyer's patches and PLN of exposed
mice. Thus, in the experiment shown in Fig. 3, TcRB+a- cells
made up 1.7%, 5.6%, 4.6%, and 9.2% ofthe total cells in SPL,
MLN, Peyer's patches, and PLN, respectively. The profiles
shown in Fig. 3 also indicate that the staining intensity of
these cells is considerably less than for TcRa,8+ cells. Splenic
TcRf3+a- cells comprise both CD4+ and CD4- subsets and
did not coexpress the TcR8 chain (data not shown).

Independent Proliferation of y6+ and 3+a- T Cells. To
determine whether parallel expansion ofTcRy6+ and TcR(3+
cells had occurred, we assessed the relative proportions of
the cells within an individual tissue sample. The amount of
expansion of TcRy8 and TcRf3 cell populations in different
tissues was not similar, with the ratio of TcRyS+ cells to

SPL +/- SPL-/- MLN +/- MILN 4- PPL +/- PPL -/- PLN +/-
1.8%i 217.8%i 10.7% 0.8%
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FIG. 3. Analysis ofTcR expression in lymphoid tissues ofexposed animals. Cells isolated from SPL, MLN, PPL, and PLN from an exposed
16-wk-old TcRa-/- mouse and an age-matched exposed TcRa+/- mouse were stained with antibodies directed against 8 and 8 TcR subunits.
The percentage of positively stained cells is indicated for each histogram.
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Table 1. -yS T cells in exposed and control mice

% TcRy8+ cells in various lymphoid organs

Organ source SPL MLN PPL PLN

Exposed
TcRa+/- 2.5 ± 1.3 1.8 ± 0.7 1.7 ± 0.7 1.3 ± 0.2

Unexposed
TcRa-/- 5.4 ± 2.2 7.1 ± 3.1 3.0 ± 1.2 2.1 ± 0.8

Exposed
TcRa-/- 10.9 ± 3.7 17.3 ± 5.8 15.4 ± 5.1 17.5 ± 8.2

Increased percentages of TcRyS+ cells in exposed TcRa-/- mice
compared to exposed TcRa+/- and control unexposed TcRa-/-
animals. Cells isolated from SPL, MLN, PPL, and PLN of 41
exposed TcRa-/-, 12 exposed TcRa+/- and 17 unexposed TcRa-/-
mice were stained with the anti-C8TcR mAb and analyzed by FACS.
Data are presented as the mean ± 1 SD proportion of stained cells
as a percentage of the total cells in a given lymphoid organ prepa-
ration.

TcRP3 cells in different samples ranging between 1.2 and 45.
The ratios also differed dramatically both between different
tissues of an individual mouse and between individual mice,
suggesting that ryS+ T cells and P+a- T cells proliferated, at
least to some extent, independently. Among a total of 128
paired measurements derived from all the TcRa-/- mice
used in this study, the number of TcR3P+a- cells in a

particular organ rarely exceeded the number ofTcRyS+ cells.
Functional Capability of Cells in Vitro. Cells isolated from

the SPL and MLN of exposed TcRa-/- mice were analyzed
for their ability to respond to a mitogenic challenge in vitro.
Cells from TcRa-/- mice were able to proliferate after
stimulation with the mitogen Con A (Table 3), although the
mitogenic response was less than that seen in heterozygous
animals (data not shown). In addition, yS T cells from
exposed TcRa-/- mice were able to mount a large prolifer-
ative response after stimulation with purified protein deriv-
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FIG. 4. Independent expansion of lymphoid organs in exposed

TcRa-/- mice. The ratio of yS T cells was determined from paired
measurements of the percentages found in the MLN versus the SPL
of 60 mice. These ratios were divided into ranges and the number of
mice within each range was plotted.
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FIG. 5. yST cells from exposed TcRa-/- mice express activation
markers. Cells isolated from the SPL of TcRa-/- mice were stained
with antibodies to CD69 and TcRS and analyzed by FACS. The
proportion of positively stained cells is indicated as a percentage in
each of the quadrants. A FACS profile from a single mouse is shown.

ative (PPD) (3). Together, these data demonstrate that the
enlarged lymphoid organs of exposed TcRa-/- mice are
composed of functionally competent polyclonal cells.

DISCUSSION
We demonstrate that mutant mice lacking TcRaB+ cells
respond to an adventitious pathogenic challenge by increas-
ing the size of lymphoid organs and by a major proliferative
expansion of T cells, particularly TcRyS+ cells. Moreover,
since y3 T cells are preferentially localized to epithelial
surfaces (2, 4-6), the increased cellularity in the lymphoid
organs analyzed in this study revealed a conspicuous pres-
ence of y8T cells in sites where they are usually rare. In some
cases, y8 T cells approached the numbers of aB T cells that
would colonize the equivalent site in wild-type mice.

It is clear that the expansion of -y5 T cells in TcRa-/-
animals does not require af3 T-cell help. Although many
studies have reported antigen reactivity for murine y8 T cells
in vitro (7-10), it is important to elucidate the differences
between in vivo yS T-cell reactivity per se and y5 T-cell
reactivity as a bystander effect of TcRa/3 cell activation. In
the majority of in vivo studies to date, it is difficult to
determine conclusively whether the observed increased re-
activity or proliferation of TcRyS-expressing cells is due to
specific 'y8 T-cell activation without aB T-cell help (11-17).
Consistent with the observations presented here, a recent
report on another strain of TcRa-/- mutant mice has also
demonstrated that TcRyB-expressing cells may have a role in
regulatory immunity in the absence of a/3 T cells, particularly
with respect to the control of bacterial infections (18).

Table 2. y and 8 TcR gene expression in TcRa'/- mice
Primer Band Size, bp Primer Band Size, bp
Vy1-Jy4 + + 426 V81-J81 + 170
Vy4-Cyl + 225 V83-J81 + 170
V>6-Cy1 + 350 V65-J81 + + 250
Vy7-Cyl + 235 V86-J81 + + 150

y and 8 TcR gene usage in TcRa-/- mice was determined by PCR
analysis performed on cDNA from the SPL. A + indicates that a
DNA fragment of the appropriate size was amplified from splenocyte
cDNA. Although PCR is essentially qualitative, a + + indicates that
the signal obtained relative to a /-tubulin control was reproducibly
stronger than most of the other TcR signals. V, variable domain; J,
joining segment; and C, constant domain.
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FIG. 6. Increases in TcRf8+ai cells in exposed TcRac/c mice
compared to control TcRa-/- animals housed in pathogen-free
isolators. Cells isolated from the SPL and MLN of 29 exposed and
15 control TcRa-/- mutant mice were stained with the anti-Ca TcR
mAb and analyzed by FACS. The percentage of cells which stained
positively for TcRI8 was recorded. Absolute numbers of TcRc+ac-
expressing cells were determined from the cell yields together with
the relative proportion of cells that were stained for each individual
mouse.

The origin of TcRP+a- cells, described previously in
another TcRac/' strain (19), is unknown, although the
population comprises both CD4- cells, like progenitor thy-
mocytes, and CD4+ cells, like mature TcRaB+ cells in
wild-type mice. It therefore remains possible that TcR(c+ac
cells represent an uncharacterized mature peripheral T-cell
population, although biochemical evidence suggests that
mature T cells cannot express stable cell surface TcRP chains
in the absence ofTcRa chains (20). The data presented in this
study suggest that this unique population is able to expand,
together with, but independently of, 'y8 T cells.

T-cell proliferation in exposed TcRa-/c mice is accompa-
nied by B-cell maturation and high levels of secretion of
immunoglobulin classes traditionally regarded as being T-cell
dependent (3). Increased levels of serum immunoglobulin G
have also been observed in mice deficient in interleukin 2
(21), while, in contrast, antibody production has clearly been
demonstrated to be deficient in mice lacking TcRa(3+ CD4+
cells (22-25). It is possible, therefore, that some of the y6T
cells proliferating in the TcRa-/- mice may help immuno-
globulin production (3). Although immunoglobulin isotype
switching is generally considered to be dependent on TcRa.3+
cells, there is already some evidence of Qa-1-restricted yOT
cells providing B-cell help (26).

Table 3. Con A mitogenic activation of splenic y8T cells
in TcRa-/- mice

[3H]Thymidine
incorporation, cpm*

Con A, ig/ml SPL MLN

0 3,033 5,903
1.25 16,385 19,277
2.5 40,428 38,200
5 42,176 48,322

*All SEM were less than 15%.

Studies such as those reported here are important for
assessing the extent to which the different TcRa.8, TcRy8,
and B-cell immune compartments are interdependent. It is
widely accepted that TcRa(3+ cells play a critical role in the
initiation and regulation of many aspects of the immune
response (27-30). Therefore, it is interesting that, although no
antigen-specific responses have been demonstrated, the im-
mune response in TcRac/- mice is not totally paralyzed by
the absence of TcRa,4 expressing cells, but rather is unreg-
ulated. The formal demonstration of the expansion of
T~cRy8+ cells in the absence of TcRafi+ cells emphasizes the
importance of considering the different possible mechanisms
that may normally control immune regulation. This study
highlights the importance of a/3 T cells in a different, and
equally important aspect of regulation, namely the control of
the extent of the immune response. Our data suggest that the
capacity to regulate local T-cell and B-cell proliferation may
be lost in the absence of a3 T cells. This regulation may be
directly mediated by a specific population of a8 T cells, or
indirectly mediated by activating the clearance mechanisms
for the removal of bulk antigen.
The data presented here suggest an explanation for the

observation that TcRa-/- mice develop intestinal pathology,
described as inflammatory bowel disease (31). Any antigenic
challenge, perhaps generated by normally nonpathogenic
microorganisms, will initiate local expansion of lymphoid
tissues that may generate inflammatory responses resulting in
an inflammatory bowel disease-like pathology. Thus, relative
cleanliness of animal facilities may govern the pathology of
these and other mutant mouse strains.
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