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ABSTRACT While afi T cells in mammals may express
one of many variable (V) gene families in the 13 locus, chickens
have only two Vp gene families. The avian Vp2' T cells are
recognized by the T-cell receptor 3 (TCR3) monoclonal anti-
body and Vpl' T cells are recognized by the TCR2 antibody,
which we used to selectively suppress development of Vpl' T
cells in order to examine their functional role. Suppression was
accomplished by multiple iu'ections of anti-TCR2 antibodies
beginning in embryonic life and perpetuated by thymectomy 8
days after hatching. Young birds thus depleted of Vp1 T cells
had greater than normal numbers ofVp2' T cells and appeared
as healthy as thymectomized and untreated controls. While
production of IgM and IgG antibodies was unimpaired, IgA
antibody production was severely compromised in the Vpl-
depleted birds. The levels of secretory IgA in bile and lung
lavage fluid were reduced 1000- to 10,000-fold and secretory
IgA antibodies were not produced in response to mucosal
immunization. B-cell production of IgA antibodies thus ap-
pears to require T cells expressing the Vp1 genes, whereas T
cells that express the Vp2 genes lack this capacity.

Most of the T cells in mammals express an antigen receptor
composed ofa and ,f chains, while the others express a T-cell
receptor (TCR) composed of 'y and 8 subunits (1). Avian
homologues of the mammalian a/3 and y5 TCRs can be
identified with monoclonal antibodies. The chicken ySTCR is
identified with the TCR1 antibody (2) and two types of
af3TCR are identified in gallinaceous birds with the TCR2 and
TCR3 antibodies (3-5). The key to this unexpected finding is
provided by the recent cloning of genes in the chicken TCR
X3 locus. This P locus contains two variable (V) gene families,
one diversity (D) gene, four joining (J) genes, and a single
constant region (C) gene (6). Chicken a3 T cells therefore
may express either V91 or V,2 genes, the products of which
can be recognized, respectively, by the TCR2 and TCR3
antibodies (7). While there is little sequence homology (30%)
between the Vp1 and Vp2 genes, members within the two
families are very similar (>95% homology). Thus, to an even
greater extent than in mammals, which have many Va gene
families (1), TCR(3 diversity in birds is generated primarily by
junctional variations created by V-D-Jp splicing and inser-
tion of nonencoded nucleotides (6). Interestingly, the numer-
ous Va genes in mammals can be assigned to two superfam-
ilies on the basis of invariant sequences (8): V91 superfamily
gene members encode an arginine at position 64 and aspartic
acid at position 86 to form a salt bridge between these
residues, while V,2 genes instead feature an invariant codon
for tyrosine at position 65. These features are retained in the
chicken V91 and Vp2 genes, respectively (6).

The chicken therefore provides a relatively simple model
for study ofthe functional roles of acB T cells by using the two
prototype Va genes. In earlier studies, we found that devel-
opment ofthe TCR2 thymocyte population can be selectively
inhibited by embryonic administration of the TCR2 (V,81
specific) monoclonal antibody (9, 10). When this antibody
treatment is combined with surgical removal of the thymus
after hatching, sustained suppression of the TCR2 cell pop-
ulation can be achieved in young birds. In the present study,
we confirmed the selective suppression of TCR2' cells and
observed a profound effect of this treatment on the integrity
of mucosal immunity.

MATERIALS AND METHODS
Chickens. Chickens hatched from fertile outbred White

Leghorn eggs obtained from LSL Vermehrungsbetriebe
(Heinrichsruh, F.R.G.) were raised in our facility.

Antibodies. Murine monoclonal antibodies specific for
chicken CD3 (11), TCR1 (2), TCR2 (3, 4), TCR3 (5), and an
organophosphorus compound (control antibody F71H9)
were produced in our laboratories. For purification of the
TCR2 antibody, a protein G-Sepharose column (Pharmacia)
was loaded with antibody-containing ascites in 20 mM phos-
phate buffer (pH 7.0), and the antibody was eluted with a
glycine buffer (pH 2.7) dialyzed against phosphate-buffered
saline (PBS), concentrated to 20 mg/ml, and filtered through
a 0.2-Ium filter. Monoclonal antibodies specific for chicken
IgM, IgG, and IgA were provided by I. von Quistorp (M.
Erhard and B. Kaspers, personal communication).
Embryonic Antibody Injections. Purified TCR2 antibody

was injected intravenously (2 mg per embryo) on day 13 of
incubation after cutting a window in the shell over a chorio-
allantoic vein and rendering the inner shell membrane trans-
lucent with a drop of sterile liquid paraffin (12). The injection
with a 30-G needle was performed under a dissecting micro-
scope and the window was sealed with transparent tape. A
second injection ofthe antibody (5 mg per embryo) was given
on day 17 of incubation. Three additional intravenous injec-
tions of the antibody (5 mg each) were given on days 1, 4, and
6 after hatching.
Thymectomy. Thymectomy was performed on the 8th day

after hatching. The chicks were anesthetized by intramuscu-
lar injection of 0.1-0.15 ml of sodium pentobarbital solution
(16 mg/ml), the neck region was entered via a dorsal incision,
the thymus lobes contiguous to the carotid vessels were
removed with forceps, and the wound was closed with metal
surgical clamps.

Abbreviations: TCR, T-cell receptor; V, variable; D, diversity; J,
joining; MHC, major histocompatibility complex.
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Collection ofBronchoalveolar Lavage Fluid, Bile, and Tears.
Chickens were sacrificed by intravenous injection of pento-
barbital. Flexible tubing was inserted into an incision of the
trachea and 40 ml ofsaline was injected and retrieved with the
syringe assisted by pressure on the thorax.

Bile was recovered after surgical exposure by direct punc-
ture of the gallbladder. Tear fluid was obtained by using a

Pasteur pipette from the conjuctival surface of living chick-
ens.
Lymphocyte Isolation and Immunofluorescence Analysis.

Lymphocytes isolated from whole blood samples by Ficoll/
Hypaque centrifugation were examined for cell surface im-
munofluorescence. Viable cells (1 x 106) in 50 AI ofPBS with
0.02% NaN3 and 2% fetal calf serum (fluorescence buffer)
were incubated for 30 min at 40C with 50 Al ofthe CD3, TCR1,
TCR2, or control antibody; washed three times; and then
incubated with 50 Al of a 1:20 dilution of a fluorescein
isothiocyanate-conjugated goat anti-mouse IgG (Tago) for
another 30 min at 4°C. After the second incubation, the cells
were again washed three times, fixed with 1% paraformal-
dehyde, and analyzed by immunofluorescence flow cytom-
etry using a FACScan Instrument (Becton Dickinson). Five
thousand cells were analyzed per sample.
Enumeration of Circulating T Cells. Absolute counts of

chicken blood leukocytes were performed as described (13).
The absolute numbers of lymphocytes were calculated after
performing a differential leukocyte count. The absolute num-
bers ofT cells were estimated-from the relative frequency of
CD3+ cells, and numbers ofthe TCR1, TCR2, and TCR3 cells
were estimated from their relative frequencies as determined
by FACS analysis.
Measurement of Immunoglobulin Levels. Immunoglobulin

concentrations in serum and body fluids were measured by an
ELISA using monoclonal antibodies specific for chicken IgG,
IgM, and IgA. Polystyrene microplates (Nunc) coated over-
night (4°C) with monoclonal antibodies specific for IgG, IgM,
or IgA [2 ,ug/ml in PBS (pH 7.2); 200 ,ul per well] were then
blocked with 0.5% gelatin in PBS (pH 7.2; 200 ,l per well) for
60 min at 37°C. Serial dilutions of the samples were added to
the plates (100 ,A per well) and incubated at 37°C for 90 min.
After washing three times with PBS, peroxidase-conjugated
anti-IgG, -IgM, or -IgA monoclonal antibodies were added to
the plates (100 ,ul per well) and incubated at 37°C for 90 min.
The plates were then washed again and 100 ,ul of substrate,
2.5mM orthophenyldiamine in 0.1 M citrate phosphate buffer
(pH 5.0) with 0.015% H202 was added. After 10 min incu-
bation the reaction was stopped with 2M HC (50 IlI per well).
Measurement was made at 492 nm with a Titertek photometer
(Multiscan, Flow Laboratories). Concentrations of the three
isotypes were estimated from a graph based on absorbances
of the IgG, IgM, and IgA standards.

Determination of Anti-Tetanus IgA Antibodies. The IgA
antibody response in the Harderian gland was examined after
local immunization with tetanus vaccine (Behringwerke)
according to a recently described method (14). Anti-tetanus
antibodies of the IgA class were measured by ELISA.
Briefly, microtiter plates were coated overnight at 4°C with
tetanus toxoid (Behringwerke; 2 ,ug per ml) and then blocked

with 4% skim milk powder solution in PBS for 1 hr. Serial
dilutions (1:2) of tear samples from test chickens were added
to the plates (100 IlI per well) and incubated overnight at 4°C.
The rest of the procedure was carried out as for ELISA
estimates of IgA levels. IgA anti-tetanus antibody titers were
expressed as the dilution at which the extinction was 0.1.
When the 0.1 extinction was between two dilutions, the titer
was calculated by interpolation to obtain a more precise
estimate.

Immunohistochemistry. Spleen, bursa of Fabricius, ileum,
lungs, cecal tonsils, and Harderian glands were removed
from 6-week-old birds and snap frozen in liquid nitrogen.
Cryostat sections (5 ,um thick) were air dried and fixed with
acetone for 10 min. The sections were incubated for 60 min
with the mouse monoclonal antibodies or with normal mouse
serum, washed with PBS and incubated for another 60 min
with peroxidase-conjugated rat anti-mouse IgG (Jackson
ImmunoResearch). Peroxidase activity was revealed with
aminoethylcarbazole. The sections were counterstained with
hematoxylin.

Statistics. Differences between sample values were evalu-
ated by Student's t test. To analyze the relationship between
the serum IgA level and the number of TCR2 cells, the
correlation coefficient (r) was calculated.

RESULTS

Effect of Anti-TCR2 Treatment and Thymectomy on Devel-
opment of TCR1, TCR2, and TCR3 Subpopulations. For in
vivo depletion of the TCR2 population of cells, repeated
intravenous injections of the monoclonal anti-TCR2 antibody
were given before and after hatching. Between the 13th day
of embryonic life and the 6th day after hatching, each bird

received 22 mg of the anti-TCR2 antibody. The seeding ofT
cells expressing TCR1 or TCR3 was allowed to proceed
normally until 8 days after hatching, when the animals were

thymectomized in order to prevent further T-cell generation.
The effect of this combined treatment on the development of
T cells expressing the different TCR types was examined
when the animals were 6 weeks old.
When the circulating pool of T cells was assessed by

immunofluorescence analysis of peripheral blood mononu-
clear cells, it was found that thymectomy alone reduced the
frequency ofTCR1 cells, the relative frequency ofTCR2 cells
was increased, and the frequency of TCR3 cells was essen-
tially unaltered (Table 1). Estimation of the absolute T-cell
numbers in the blood indicated that thymectomy alone re-
duced the total T-cell population by almost 70%. The TCR1
subpopulation in the circulation was reduced by >90%, the
TCR2 cells by 60%o, and the TCR3 cells by >75% (Table 1).
The effect of thymectomy alone on development of circulat-
ing TCR1 cells was the same as that of anti-TCR2 treatment
plus thymectomy. However, the combined treatment re-
sulted in selective suppression of the TCR2 cells (to <10o of
control values) and a compensatory increase in TCR3 cells
(>130% of controls).
The tissue distribution ofT cells was assessed by immuno-

histochemical analysis of the spleen, intestine, cecal tonsils,

Table 1. Effect of the anti-TCR2 antibody treatment and thymectomy on T-cell development

No. of No. of cells per ,ul of blood (% of CD3' cells)
Treatment animals CD3+ TCR1+ TCR2+ TCR3+

Control 19 6520 ± 3239 1257 ± 493 (19) 4357 ± 2874 (67) 906 ± 446 (14)
Thymectomy 32 2070 ± 992 % + 86 (5) 1764 ± 811 (85) 210 + 162 (10)
Anti-TCR2 and thymectomy 30 1666 ± 1121 97 + 129 (6) 371 ± 354 (22) 1198 + 811 (72)

Values are means + SD from 6-week-old chickens. The frequency of TCR3+ cells was calculated by subtraction of the
frequencies ofTCR1+ and TCR2' cells from the total CD3+ T-cell frequency since the anti-TCR3 antibody was not available
throughout the study.
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bursa, lungs, and Harderian glands. The analysis of the
lymphoid tissues in normal controls confirmed the predom-
inance of TCR2 over the TCR1 and TCR3 cells (Fig. 1 b, d,
and f). While TCR3 cells were rarely seen in the small
intestine, their relative frequency was higher in the spleen
and cecal tonsils.
Thymectomy alone resulted in a profound decrease of the

TCR1 cells in all tissues, except in the intestinal epithelium
where the reduction was less prominent. This effect of
thymectomy on the development ofTCR1 cells was unaltered
by the anti-TCR2 treatment. In contrast, while the number of
TCR2 cells was only moderately reduced by thymectomy
alone, the TCR2-expressing cells were reduced to 10-20%o of
control values in all lymphoid tissues examined in the anti-
TCR2-treated and thymectomized birds (Fig. 1 a and e). In
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lymphoid tissues of the latter group of animals, the numbers
of TCR3-positive cells were increased by as much as 5-fold
(Fig. 1 c and d).

Effect of Anti-TCR2 Treatment and Thymectomy on Immu-
noglobulin Production. The TCR2-treated animals appeared
to be as healthy as the controls suggesting that the TCR3 cells
could compensate for the deficit in TCR2 cells. To explore
this issue further, we measured serum immunoglobulin levels
in the three groups of animals. While deficits were not
observed in the IgM and IgG levels, the serum IgA levels
were reduced to <10% of normal in the anti-TCR2-treated,
thymectomized animals (Table 2). In chickens that were only
thymectomized, the serum IgA levels were almost normal,
and comparison of the numbers of TCR2 cells and the serum
IgA levels indicated a positive correlation (r = 0.81; P <
0.001).
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anti-TCR2-treated thymectomized chicken (c) contain increased proportions of TCR3+ cells compared with the spleen of an untreated control
chicken (d). (x70.) (e and!) TCR2+ lymphocytes in the cecal tonsil. Cecal tonsils, like the spleen, reveal a striking reduction of TCR2+ cells
in a thymectomized anti-TCR2-treated chicken (e) and an abundance of TCR2+ cells in an untreated control animal (f). (x20.) (g and h)
Immunohistologic analysis of the distribution of intestinal IgA-containing cells. The cecal tonsil of an untreated control animal (h) contains many
IgA+ cells in the germinal centers (arrows). IgA accumulation is also seen at the apical surface of intestinal epithelial cells (arrowhead). The
cecal tonsil of an anti-TCR2-treated, thymectomized chicken (B) lacks IgA-containing cells. (x40.)
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Table 2. Effect of anti-TCR2 treatment and thymectomy on
immunoglobulin production

Treatment No. of Serum levels, Ag/ml
group animals IgG IgM IgA

Control 19 6268 ± 548 597 ± 80 302 ± 26
Thymectomy 32 5840 ± 686 786 ± 112 218 ± 22
Anti-TCR2 and
thymectomy 30 5773 ± 646 868 ± 88 25 ± 7
*Values are means ± SE from 6-week-old chickens.

Because serum IgA levels may not correlate with those of
secretory IgA in mucosal tissues, the levels of IgA were
determined in bile and lung lavage fluids. As shown in Table
3, the animals treated with TCR2 antibody had levels of IgA
in bile and lung lavage fluids that were 0.01-0.1% of the
normal levels. Animals with the lowest serum IgA levels also
had the lowest levels of secretory IgA. By contrast, chickens
that were only subjected to thymectomy had modestly re-
duced levels of secretory IgA. The data indicate that TCR2-
depleted animals are remarkably compromised in IgA pro-
duction.

Tissue Distribution of Immunoglobulin-Producing Cells.
When immunohistochemical analysis of the distribution of
IgM-, IgG-, and IgA-producing cells in cecal tonsils, ileum,
bursa of Fabricius, spleens, lungs, and Harderian glands was
performed, IgA-containing lymphoblastoid and plasma cells
were detected in all of these tissues ofboth control groups of
animals. Bronchial and intestinal epithelial cells were also
positive for IgA. In contrast, IgA-containing cells were not
detected in the spleen, bursa, cecal tonsils, intestines, lungs,
and Harderian glands of anti-TCR2-treated and thymecto-
mized animals (Fig. 1 g and h). IgA was also not seen in
epithelial cells of the mucosal surfaces in this experimental
group of birds, while the numbers ofIgM' and IgG' cells and
their anatomical distribution were the same in experimental
and control animals.

Evaluation of Local Secretory IgA Antibody Response. Spe-
cific IgA antibody responses in the Harderian gland were
determined after intraocular stimulation with tetanus toxoid
in two anti-TCR2-treated, thymectomized birds and in two
normal control chickens. Anti-tetanus IgA antibodies could
not be detected in the tears of the anti-TCR2-treated birds,
whereas IgA anti-tetanus antibodies were easily detected in
the tears of immunized controls (titers of 1:376 and 1:3500).
IgA-producing cells were abundant in sections of the Hard-
erian gland of the immunized controls, but no IgA-containing
cells could be found even after local immunization of the
anti-TCR2, thymectomized chickens.

DISCUSSION
The selective impairment of IgA production in birds with
limited numbers ofT cells expressing V1 genes is a surprising
and informative finding. In previous studies of chickens
depleted of V1+ T cells by early treatment with the TCR2
antibody and thymectomy, we observed normal antibody

Table 3. Effect of anti-TCR2 treatment and thymectomy on
IgA production

IgA levels, ,ug/ml
Treatment No. of Lung lavage

group animals Serum fluid Bile
Control 7 385 ± 48 10 ± 3 16,446 ± 4327
Thymectomy 10 266 ± 81 6 ± 3 12,979 ± 6959
Anti-TCR2 and
thymectomy 7 25.± 4 0.01 ± 0.003 2 ± 2

*Values ar-emeans ± SE from 6-week-old chickens.

responses after intravenous immunizations with sheep eryth-
rocytes (ref. 8; unpublished observations). The normal IgM
and IgG levels observed in the present experiments 'also
indicate integrity of T cell help for production of antibodies
of these isotypes. The apparent good health of the Vp1-
deficient, thymectomized group of birds further suggests
overall immunological integrity. A significant role for the y8
T cells in IgA production is unlikely, since IgA production
was severely compromised only in the Vpl-deficient birds
although the TCR1 population was reduced to the same
extent in both the anti-V,91-treated, thymectomized birds and
the thymectomized controls. The direct correlation observed
between the numbers ofTCR Vi1a T cells and IgA production
leads to the conclusion that the Vpl+ T cells are required for
IgA antibody production in the chicken.
IgA production in mucosal tissues was especially compro-

mised in birds deficient in V1+ T cells. While theirserum IgA
levels were reduced by '10-fold, IgA concentrations in bile
and lung lavage fluids were decreased by 1000- to 10,000-fold.
An attempt to elicit a mucosal IgA response by intraocular
immunization with tetanus toxoid was completely unsuccess-
ful in birds depleted of Vpl+ T cells. In keeping with these
functional deficits, IgA-producing cells were virtually unde-
tectable in sections of the small intestine, cecal tonsils, bursa
of Fabricius, lung, Harderian ocular gland, and spleen of the
anti-V91-treated, thymectomized animals, while IgA-
containing cells were abundant in the untreated and thymec-
tomized controls. Overt clinical consequences of this breach
in mucosal immunity in Vl1-deficient birds will likely become
evident in studies involving a longer period of observation
and deliberate exposure to respiratory and intestinal patho-
gens.
The B-cell precursors of IgA-producing plasma cells are

derived from IgM-bearing B cells generated in the bursa of
Fabricius (15). The peripheral seeding of B cells capable of
IgA production, with T-cell help (16), begins around the time
of hatching (15). It is also known that B-cell production in the
bursa is unimpaired by removal of the thymus (17). Normal
development of the IgA B-cell precursors can thus be rea-
sonably assumed in the birds that were depleted ofVp1 T cells
by anti-TCR2 treatment and thymectomy.
Our data thus raise the question of why the Vp2 T cells,

which were present in even higher than normal numbers in
the Vpl T-cell-depleted birds, do not provide help for the
differentiation of IgA-producing cells. One possibility is that
the V,2 T cells lack the capacity to produce factors that are
essential for the differentiation of IgA-producing cells. Inter-
leukin 4 and other interleukin products of activated T cells
have been shown to enhance IgA responses in mammals
(refs. 14 and 18; reviewed in ref. 19). More information about
the avian interleukins is needed to' evaluate this possibility,
but an attractive alternative is that most IgA responses are
induced within the mucosal tissues and Vp2 T cells simply do
not migrate and proliferate there. In support of this idea, it
has been shown that TCR3+ cells are rarely found in the small
intestinal lamina propria where the Vp1 T cells are normally
abundant (5), and this preferential homing pattern was con-
firmed in the present experiments.

Differences in the specificities of the Vpl+ and Vp2' TCR
for antigenic peptides and major histocompatibility complex
(MHC) restriction elements also deserve consideration in the
interpretation of our results. The CDR3 region formed by the
VDJp junction is thought to interact directly with antigenic
peptides held in the a-helical'grooves of class I and class II
molecules on antigen-presenting cells (1), Since the Vp1 locus
in the chicken contains a single D gene and the four Jp genes
can be used in both Vp1 and Vp2 gene rearrangements (6, 7),
the random addition of N sequences and variability in VDJp
splicing should allow for the same range of CDR3 variability
for both Vp1 and Vp2 TCRs. On the other hand, the fact that
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the V131 and V,2 genes share very little homology implies that
these may interact differently with MHC molecules. In
addition, 8 chains containing V91 and V,2 sequences could
exhibit differential pairing with a chains (5) containing var-
ious Va sequences, the genes for which have not yet been
cloned in the chicken. It is therefore possible that the V81 and
V,02 TCRs preferentially interact with different MHC restric-
tion elements to dictate the Vp2 T-cell responses to antigens
entering the mucosal surfaces of the body.
These observations in the chicken may well have relevance

for mammals. Mammalian T cells are known to be required
for IgA production. Rabbits, mice, and humans depleted in T
cells are especially compromised in the ability to produce
antibodies ofIgA isotype (20-23). Data obtained in mice have
suggested the existence of a T cell capable of specifically
inducing IgA isotype switching (24). Intestinal lymphoid
tissues have served as a prominent source for clones of these
so-called Ta cells (25, 26). It will thus be of interest to
determine the relative homing characteristics and functional
capabilities of mammalian T cells expressing the Vp1 and Vp2
gene superfamilies.
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