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Intrathymic function of the human cortical epithelial cell surface antigen gp200-MR6:
single-chain antibodies to evolutionarily conserved determinants disrupt mouse thymus

development
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SUMMARY

The mouse monoclonal antibody MR6 recognizes a 200 000 MW protein (gp200-MR6), which is
expressed highly on human thymic cortical epithelial cells. The antigen is also expressed on some
epithelial tumours and we have previously shown that MR6 inhibits the proliferation of the colon
carcinoma cell lines HT29. However, the role of this molecule in the thymus is not known. In
order to generate reagents that could be used in murine thymic functional studies we isolated
antibodies specific to human gp200-MR6, using a phage display library expressing single-chain
(sFv) antibodies. Three independent clones were isolated by panning with purified protein and
their specificity was confirmed by immunohistochemistry, Western blotting and flow cytometry.
In addition to human thymus, these phage antibodies also recognized the homologous antigen in
mouse, pig and other species. Expressed as soluble sFv one of these clones inhibited the
proliferation of HT29 cells and a mouse thymic epithelial cell line, suggesting that this antibody
exhibits similar functional activity to MR6. In fetal thymic organ culture, thymocytes recovered
from thymic lobes cultured in the presence of this sFv, were reduced in number fivefold compared
with the control and the majority remained at the double-negative stage of development. These
data indicate that gp200-MR6 plays an important role in thymocyte development. In addition,
this is the first report to demonstrate that specific sFv can be used to study, and alter, thymic
development. This work also highlights the advantage of phage antibody technology in selecting
such reagents for functional assays.

INTRODUCTION stimulated B cells, IL-4-induced proliferation of T-cell clones
and expansion of the IL-4-dependent T helper type 2 (Th2)

The monoclonal antibody (mAb) MR6 was raised against
subset.5,6 In addition we have also examined the role of

human thymic stromal cells; it shows strong labelling of the
gp200-MR6 on epithelial cells using human colorectal carci-

cortical epithelium1 and much weaker labelling of macro-
noma cell lines, HT29 and SW1222, and found that either

phages, lymphocytes and dendritic cells.2 Immunoelectron
mAb MR6 or IL-4 significantly reduced cell growth.7microscopy has revealed that this labelling is localized predomi-
Moreover, both these reagents enhanced the crypt-like glandu-

nantly on the surface of epithelial cells.3 Biochemical analysis
lar differentiation of SW122 in three-dimensional collagen gelby either immunoprecipitation or Western blotting has shown
culture.7 These data therefore suggest that gp200-MR6 maythat mAb MR6 recognizes a single glycoprotein chain of
be functionally related to the IL-4 receptor and that ligation200 000 MW (gp200-MR6).4
of gp200-MR6 at the cell surface has either an antagonistic orOur in vitro studies of the peripheral immune system using
agonistic effect according to whether IL-4 is acting as either amAb MR6 have shown that it inhibits interleukin-4 (IL-4)-
growth or a maturation factor, respectively. However, the roledependent immunoglobulin class switching to IgE in allergen-
of this molecule in the thymus is not known, this is primarily
because there is a lack of suitable in vitro thymic assays in the

Received 30 July 1998; revised 15 October 1998; accepted 15 human system in comparison to those that are used in the
October 1998. mouse.8

Abbreviations: DN, double-negative; DP, double-positive; FTOC, An alternative strategy to hybridoma technology for the
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phage and the selection of these recombinant molecules, with extensively with PBS/0·1% Tween and finally with PBS. Bound
phage were eluted and incubated with log-phase TG1a range of binding activities and specificities, offers a powerful

approach of generating antibodies without immunization.9–13 Escherichia coli as previously described.17 The library was
subjected to a further five rounds of panning.This technique therefore offers the potential to isolate anti-

bodies that recognize evolutionarily conserved protein determi- The specificity of isolated clones, after the fourth round of
panning, was assessed by phage ELISA as described pre-nants, which may have a functional effect on biological assays

from different species; as shown recently in studies with the viously.17 Purified gp200-MR6 was coated overnight on poly-
vinylchloride plates (Nunc), blocked with 2% Marvel/PBS,human hepatocyte growth factor/scatter factor (HGF/SF).14

We therefore reasoned that isolation of phage antibodies and 50 ml of bacterial supernatant containing phage antibody
was added to each well with an equal volume of 4%specific to human gp200-MR6, which recognize evolutionarily

conserved determinants and are then shown to have functional Marvel/PBS. Binding of phage antibody to purified
gp200-MR6 was detected using a sheep anti-M13 polyclonalactivity, should provide the opportunity to study this molecule

in the murine thymus. antibody (5 Prime-3 Prime, Herts, UK) followed by horserad-
ish peroxidase (HRP)-conjugated rabbit anti-sheep immuno-In this paper we describe the isolation and characterization

of phage antibodies against purified human gp200-MR6, and globulin antibodies (Dako, High Wycombe, UK). Positive
clones were further assessed by a cell-based ELISA using thedemonstrate their reactivity not only to human thymus, but

also to the thymus from several other species. Moreover, we gp200-MR6-positive adherent cell line HT29.18 Approximately
104 cells/well were plated into a 96-well plate (Nunc) andshow that soluble sFv from one of these phage antibodies

exhibits functional activity on human and mouse epithelial allowed to adhere overnight. Cells were fixed with paraformal-
dehyde18 and the ELISA was performed as described above.cell lines, by reducing cell proliferation, and also disrupts

thymocyte development in mouse fetal thymic lobes in vitro. To determine the exact number of independent clones
selected, DNA fingerprinting analysis using the restrictionThus gp200-MR6 is likely to play an important role in thymic

development. Our data also illustrate the advantage of phage endonuclease BstNI (Sigma, Poole, UK) was performed as
described.17 DNA encoding the variable region of positivedisplay technology to select antibodies to evolutionarily con-

served epitopes, and demonstrate, for the first time, that clones was amplified by PCR, from the pHEN-1 vector,19
using the primers 5∞-CAGTCTATGCGGCCCCATTCA-3∞specific sFv can be used to study, and manipulate, intra-

thymic function. (pHEN 3∞-complementary to the sequence between the gene
III and c-myc peptide tag) and 5∞-ATGAAATACCTA-
TTGCCTACG-3∞ (pel 5∞-sequence of the pel B leader).

MATERIALS AND METHODS
Reactions were performed in a volume of 20 ml at 94° for
30 seconds, 55° for 30 seconds and 72° for 1 min for 30 cyclesAntigen

The human cortical antigen gp200-MR6 was affinity purified using Taq DNA Polymerase (Promega, Southampton, UK).
The amplified products were visualized on a 1·0% agarose gelfrom human thymus tissue lysate as previously described.15

Human paediatric thymus samples were obtained from patients and were used for DNA fingerprinting and sequence analysis.
The nucleotide sequence encoding sFv was determined usingundergoing open heart surgery (Great Ormond Street Hospital,

London). Briefly, protein A-purified mAb MR6 was cross- the ABI automated sequencer (Perkin Elmer, Warrington,
UK) and was analysed using the V-BASE sequence alignmentlinked to agarose AminoLinkB beads (Pierce and Warriner,

Chester, UK) according to the manufacturer’s instructions. program.20
Soluble sFv were produced by infecting E. coli non-Thymic lysate was incubated at 4° with the column for 18 hr.

The column was washed extensively with phosphate-buffered suppressor strain SF11012,21 (a kind gift of Dr J. de Kruif,
University Hospital Utrecht, the Netherlands) with the appro-saline (PBS), the gp200-MR6 was eluted using 0·1  glycine

pH 3·0 and neutralized with 1  Tris–HCl, pH 9·0. Protein priate phagemid; the bacteria were induced to express sFv in
1 l of bacterial supernatant with 1 m isopropyl b--thiogalac-was analysed by sodium dodecyl sulphate–polyacrylamide gel

electrophoresis (SDS–PAGE)16 on a 7·5% gel which was then toside.17 After centrifugation of the bacterial pellet, the super-
natant was filtered using a 0·45-mm filter unit (Pall Gelmanimmunoblotted.
Sciences, Northampton, UK) and the sFv was then purified
on protein A–Sepharose (Pharmacia, St. Albans, UK) asSelection of phage antibody

A ‘single pot’ human semi-synthetic antibody phage display described.22 The sFv was eluted with 0·1  glycine, 0·15 
NaCl pH 2·8 and neutralized with 1  Tris–HCl, pH 9·0,library as described by Nissim et al.10 (a kind gift of Dr G.

Winter, Cambridge, UK) was used. The library was rescued dialysed against PBS for at least 24 hr and analysed by
SDS–PAGE. Protein concentration was determined using thewith VC3M13 helper phage (Stratagene, Cambridge, UK) and

phage particles were purified using polyethylene glycol bicinchoninic acid (BCA) procedure.23 An anti-(4-hydroxy-5-
iodo-3-nitrophenylacety) (anti-NIP) clone selected from this(PEG).17 The selection of phage antibody and phage enzyme-

linked immunosorbent assay (ELISA) has been described in library,9 which uses the VH segment DP-47, that belongs to
the VH3 family, was used as a negative control either expresseddetail.17 Briefly, immunotubes (Nunc Maxisorp, Life

Technologies, Paisley, UK) were coated with 10 mg/ml of as phage antibody or soluble sFv in this study.
gp200-MR6 protein in 50 m NaHCO3. Approximately 1013
transducing units (TU ) of phage particles were PEG precipi- Western blotting

Purified gp200-MR6 or tissue lysates, prepared from frozentated, resuspended in 5 ml PBS containing 2% Marvel (Premier
Beverages, Stafford, UK), and added to the antigen-coated sections of mouse and pig thymus as previously described,15

were run on a 7·5% polyacrylamide gel and then electroblotted.tube. After 2 hr at room temperature, the tube was washed
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Phage antibody was used to detect the homologous antigen in radioactivity incorporated was measured. The results are
shown as percentage inhibition of proliferation and the valuesmouse and pig lysate and filters were incubated overnight at

4° with phage (1011 TU/ml ) in 2% Marvel/PBS as described.9 were estimated by comparing the difference in proliferation of
cells cultured in medium supplemented, with the experimentDetection of purified gp200-MR6 was performed using soluble

sFv.9 After washing, bound phage were detected with sheep reagent, against cells cultured in medium only.
anti-M13 followed by HRP-rabbit anti-sheep immunoglobulin
antibody. For sFv, filters were incubated with the mAb 9E10, Fetal thymic organ culture (FTOC)

For FTOC, mouse thymic lobes from day 14 BALB/c embryoswhich detects the myc tag present on sFv,24 followed by HRP-
rabbit anti-mouse immunoglobulin antibody (Dako). were cultured on nucleopore membrane filters28 in either

medium (DMEM with 4·5 g/l glucose supplemented with 10%Peroxidase activity was detected using an ECL kit (Amersham
International, Little Chalfont, UK). FCS, penicillin 100 U/ml, streptomycin 0·1 mg/ml and -

glutamine 1 m) only or in medium supplemented with purified
sFv (2 mg/ml ) for 6 days. Cells were harvested and analysedImmunohistochemistry

Five-micrometre sections were cut from frozen thymic tissue, by flow cytometry using the following fluorochrome-
conjugated mAb (all obtained from PharMingen, San Diego,air dried, fixed in acetone and stained using the indirect

immunoperoxidase method.25 Staining was performed using CA): phycoerythrin (PE)-anti-CD4 (clone GK1.5), FITC-
anti-CD25 (clone 7D4), and anti-CD8b-biotin (clone 53-6.7)100 ml of phage antibody particles mixed with 25 ml of 10%

Marvel/PBS as described.26 Bound phage were detected using which was revealed with streptavidin–TRICOLOR (Caltag
Laboratories, San Francisco, CA).28 Labelled cells were ana-sheep anti-M13 polyclonal antibody, followed by HRP-rabbit

anti-sheep immunoglobulin antibody. Monoclonal antibody lysed using an EPICS Elite ESP (Coulter Electronics) and the
data were processed with CELLQuest Software (BectonMR6 was used neat from culture supernatant prepared in our

laboratory and detected using HRP-rabbit anti-mouse Dickinson, Mountain View, CA).
immunoglobulin antibody.

RESULTS
Flow cytometry
Approximately 1×106 cells were preincubated with 100 ml of Phage selection
phage antibody particles mixed with 25 ml of 10%

A phage display library expressing human sFv10 was used to
Marvel/PBS.26 Bound phage were detected using sheep anti-

isolate antibodies specific for the human thymic cortical epi-
M13 polyclonal antibody, followed by fluorescein isothiocyan-

thelial antigen gp200-MR6. In this library a collection of 49
ate (FITC)-conjugated rabbit anti-sheep immunoglobulin

human germline VH gene segments have been cloned into the
antibody (Dako). Labelled cells were analysed using the EPICS

pHEN1 vector.10 The sequence corresponding to the CDR3
Profile flow cytometer (Coulter Electronics, Luton, UK) and

region was randomized in both sequence and length (between
the data were processed using EPICS XL software (Coulter

four and 12 amino acids) and paired with the single unmutated
Electronics).

Vl3 light-chain gene segment. Phage were selected by panning
on antigen-coated immunotubes, and after six rounds of

Proliferation assay
selection over 30 clones specific for gp200-MR6 were identified

The mouse thymic cortical epithelial cell line TM25.F127 (a
using ELISA against the purified antigen and a

kind gift of Dr D. Kioussis National Institute for Medical
gp200-MR6-expressing cell line HT29 (data not shown).

Research, UK) was grown in Dulbecco’s modified Eagle’s
Nucleotide sequence analysis revealed that we had isolated

medium (DMEM) with 4·5 g/l glucose supplemented with
three individual clones specific for gp200-MR6, each contain-

10% fetal calf serum (FCS), penicillin 100 U/ml, streptomycin
ing a distinct CDR3 (Table 1). Two clones (B1, H4) comprised

0·1 mg/ml and -glutamine 1 m (all from Gibco, Paisley,
the VH segment DP-44, while the other (B10) used DP-53;

UK) at 37°. The human colorectal carcinoma cell line HT29
both these VH germline gene segments are members of the

was cultured in RPMI-1640 supplemented with 10% FCS,
VH3 family.29,30 Western blotting analysis using purified

penicillin 100 U/ml, streptomycin 0·1 mg/ml and -glutamine
gp200-MR6 probed with soluble sFv, produced from selected

1 m (all from Gibco) at 37°.
phage antibodies, further confirmed antibody specificity

The effect of antibodies and IL-4 on the proliferation of
(Fig. 1). In some experiments a doublet was detected, which

epithelial cell lines was performed as previously described.7
Cells were detached with dissociation solution (Sigma), washed

Table 1. Deduced CDR3 amino acid sequence and germ-line VH geneand 5×104 (HT29) or 2×104 (TM25.F1) cells/well were
segments used by phage antibodies selected against the human corticalincubated in a 96-well plate (Nunc) in a final volume of 100 ml.

antigen gp200-MR6Cells were plated in triplicate and cultured either in medium
alone, or in medium supplemented with either antibodies or

Clone CDR3 sequence VH segment FamilyIL-4 (100 U/ml ) for 24 or 48 hr. The mAb MR6 and isotype-
matched control (OKT8) were used at 10 mg/ml. Purified sFv

B1 VAVPGE DP-44 VH3
was used at 2 mg/ml (the concentration used was determined B10 TLGTLLY DP-53 VH3
by titration). Recombinant human IL-4 was purchased from H4 GKLKGFR DP-44 VH3
Genzyme ( West Malling, UK). Mouse IL-4 was a kind gift
of Professor D. Gray (Department of Immunology, ICSM, Nomenclature of the VH germ-line segments is defined as in ref. 29.
Hammersmith Hospital ). Cells were pulsed for 8 hr with The CDR3 is defined by Kabat et al.30 In this library the VH genes

are fused to a single unmutated Vl3 light chain.10[3H ]thymidine (Amersham International ) and the amount of
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Figure 1. Detection of either purified human gp200-MR6 or the homologous antigen in thymic lysates, from pig and mouse, using
specific soluble sFv and phage antibody, respectively. Two micrograms of purified antigen, or thymic lysates were electrophoresed
on 7·5% acrylamide gels, electroblotted onto nitrocellulose and probed with either sFv (purified antigen) or phage antibody (pig
and mouse thymic lysates). Soluble sFv from the individual clones (B1, B10, H4) isolated after six rounds of panning on antigen,
bound specifically to purified human gp200-MR6 in a similar manner to mAb MR6. In contrast, the control anti-NIP sFv (NEG)10
(encoded by DP-47 which belongs to the VH3 family) does not bind to gp200-MR6. This antibody was used in all subsequent
experiments as a negative control antibody either as phage or as soluble sFv. Phage antibody specific for gp200-MR6 detected a
band at around 200 000 MW on pig and mouse lysate suggesting that these antibodies recognize the homologous antigen in mouse
and pig thymus.

we have previously observed when using mAb MR6 in Western mAb MR6 does not stain the thymus from these animals (data
not shown). In addition, the phage antibodies also stainedblotting analysis (our unpublished observations).
rabbit, chicken and rat thymus with a similar pattern to that
observed on human and mouse thymus (data not shown).

Anti-gp200-MR6 phage antibodies recognize evolutionarily
Western blotting analysis using the selected phage antibodies

conserved epitopes
revealed that they recognized a 200 000 MW molecule in both
mouse and pig thymic lysates (Fig. 1). These studies stronglyThe mAb MR6 shows strong labelling of human cortical

epithelium1–3 (Fig. 2). Immunohistochemical analysis revealed suggest that the anti-gp200-MR6 phage antibodies recognize
the homologous antigen from several species, indicating thatthat the reactivity of the selected phage antibodies on human

thymus showed a similar pattern of staining to that seen with this molecule is indeed evolutionarily conserved.
mAb MR6 (Fig. 2), providing further evidence of their speci-
ficity. In addition to staining human thymus, we have pre-

Anti-gp200-MR6 phage antibodies can recognize antigen in a
viously shown that mAb MR6 also reacts with a 200 000 MW

native configuration
protein expressed on rabbit thymic cortical epithelium.31 This
observation suggests that the antigen may be evolutionarily To determine whether the selected antibodies can bind

gp200-MR6 present on the cell surface, flow cytometric analy-conserved. To determine whether the anti-gp200-MR6 phage
antibodies also recognize this molecule in thymus from differ- sis was performed using the HT29 cell line, which expresses

high levels of surface gp200-MR615 (Fig. 3a). HT29 cells wereent species, immunohistochemistry was performed. Phage anti-
bodies prepared from the three positive clones, stained mouse incubated with the phage antibodies specific for gp200-

MR6 (B1, B10, H4) and anti-NIP (4-hydroxy-5-iodo-and pig thymic sections with a staining pattern similar to that
observed with mAb MR6 on human thymus (Fig. 2). The 3-nitrophenylacetyl; negative control9). The detection of

© 1999 Blackwell Science Ltd, Immunology, 96, 236–245
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(a) (b)

(d)(c)

(e) (f)

(h)(g)

Figure 2. Immunoperoxidase staining of frozen sections of normal human (a–d), mouse (e,f ) and pig (g,h) thymus with either the
mAb MR6 or the anti-gp200-MR6 specific phage antibody H4. This clone is used as a representative of the anti-gp200-MR6
antibodies isolated, which all gave similar staining results. The anti-gp200-MR6-specific phage antibody H4, labelled cortical
epithelium from human (c), mouse (e) and pig (g) thymus with a similar pattern of staining as seen with mAb MR6 (a). The mAb
MR6 did not stain mouse or pig thymus (data not shown). An irrelevant phage antibody anti-NIP (d,f,h) and the mAb OKT8 (b)
were used as a negative control. Magnification ×800.

bound phage on HT29 cells revealed that B10 and H4 sFv human epithelial cell lines again suggests that they recognize
the homologous antigen in these species.recognize gp200-MR6 on the cell surface (Fig. 3a), although

at a reduced intensity in comparison to the mAb MR6.
Similarly, only B10 and H4 sFv bound significantly to the
surface of the mouse thymic cortical epithelial cell line

Purification of anti-gp200-MR6 sFvTM25.F127 (Fig. 3b). In contrast, all the anti-gp200-MR6
antibodies prepared either as phage particles or as soluble sFv, For functional studies, we purified the antigen-specific soluble
bound to cytospin preparations of these cell lines (data not sFv (B1, B10 and H4) and the negative control sFv (anti-
shown). This study revealed that the phage antibodies B10 NIP) using protein A. Protein A binds to human VH domains
and H4 can recognize native gp200-MR6 expressed on the cell that are encoded by genes belonging to the VH3 family,32 and
surface, while B1 recognized an epitope that is either internal therefore sFv can be purified directly from bacterial super-
or requires denaturation. In addition, similarity in the pattern natant. Eluted fractions were analysed by SDS–PAGE, trans-

ferred to a membrane and probed with the mAb 9E10, whichof reactivity of these phage antibodies on both mouse and

© 1999 Blackwell Science Ltd, Immunology, 96, 236–245
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Figure 3. Flow cytometric analysis of the human colon carcinoma cell line HT29 cells (a), the mouse thymic cortical epithelial cell
line TM25.F1 (b) using either the mAb MR6 or anti-gp200-MR6-specific phage antibodies (B1, B10, H4). The shaded area
represents background using the negative control antibody (OKT8 for MR6 or anti-NIP for phage antibodies). The mAb MR6
did not stain the TM25.F1 cell lines (data not shown).

detects the myc tag present on sFv (Fig. 4).24 The yield of sFv both murine and human epithelial cells, indicating that the
murine gp200-MR6 molecule may have functional propertieswas determined to be #0·1 mg/l after purification.
identical to human gp200-MR6.

Anti-gp200-MR6 sFv inhibit both human and mouse epithelial
The effect of anti-gp200-MR6 sFv on T-cell development usingcell proliferation
FTOC

We have previously shown that the mAb MR6 inhibits the
To determine what effect the anti-gp200-MR6 sFv may haveproliferation of the colon carcinoma cell line HT29 (Fig. 5a).7
on T-cell development within the thymus, we cultured day 14Therefore, to determine whether the gp200-MR6-specific anti-
fetal thymic lobes supplemented in medium containing eitherbodies exhibit a similar functional activity to the mAb MR6,
purified anti-gp200 sFv (B1, B10 and H4) or control sFvwe incubated these antibodies, prepared as soluble sFv, with
(anti-NIP). After 6 days in culture, cells were harvested andHT29 cells. In the presence of H4 sFv, the proliferation of
the cell surface phenotype of recovered cells was analysedHT29 cells was reduced to a level similar to that seen with the
using flow cytometry with anti-CD4, anti-CD8 and anti-CD25mAb MR6 and human IL-4 (Fig. 5a). In contrast, neither B1
antibodies. Thymocytes recovered from fetal lobes cultured innor B10 sFv inhibited HT29 proliferation (Fig. 5a).
the presence of either B1 or B10 sFv showed no difference inWe also observed that H4 sFv, but not the other anti-
cell number and phenotype compared to control sFv orgp200-MR6 sFv, was able to reduce the proliferation of the
medium only (Fig. 6). In contrast, the number of thymocytesmouse thymic epithelial cell line TM25.F1 (Fig. 5b) to a level
recovered from lobes cultured in the presence of H4 sFv weresimilar to that seen with murine IL-4 (Fig. 5b). Thus the H4
reduced fivefold (Fig. 6e). Furthermore, over 70% of the cellssFv exhibits similar functional activity to the mAb MR6 on
recovered were double negative (DN) compared to 35% in
control cultures, and as a result only 13% of thymocytes had
reached the double positive (DP) stage of development, com-
pared to #50% in control cultures. The number of CD25+
thymocytes were reduced, by twofold in the presence of H4 in
comparison to control cultures (Table 2).

1 2 3 4

30

Figure 4. Immunoblot of a 15% SDS–PAGE analysis showing purified DISCUSSION
sFv proteins using protein A chromatography (lane 1, anti-NIP; lane

Analysis of key molecules within the human thymus has been2, B1; lane 3, B10; and lane 4, H4). Single-chain Fv was purified from
hampered by a lack of good functional assay systems compar-bacterial supernatant and eluted protein was visualized with the mouse
able to those available for the mouse. We have therefore takenmAb 9E10, anti-myc tag,24 followed by rabbit anti-mouse peroxidase.

The position of 30 000 MW is indicated on the left. advantage of the phage display technique, where, bypassing
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Figure 5. The effect of mAb MR6, purified sFv and IL-4 on the
proliferation of the human colon carcinoma cell line HT29 (a) and
the mouse thymic cortical epithelial cell line TM25.F1 (b). HT29 cells
were cultured either in medium alone or in medium supplemented
with the experimental reagent for 48 hr and pulsed with [3H]thymidine

Log CD8
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14·1 45·1

29·6 8·1
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(a)

(b)

(c)

(d)

(e)

for a further 8 hr and the amount of radioactivity (c.p.m.) incorporated
Figure 6. The effect of purified gp200-MR6-specific sFv on thymocytewas measured. The mAb MR6 and isotype-matched control OKT8
development in FTOC. Mouse fetal thymic lobes were cultured inwere used at 10 mg/ml. Recombinant human IL-4 was used at
medium only (a) or medium supplemented with either control sFv (b:100 U/ml. Purified sFv was used at 2 mg/ml. TM25.F1 cells were
anti-NIP), B1 (c), B10 (d), or H4 (e). Single-chain Fv were purifiedcultured either in medium alone or in medium supplemented with the
by protein A and used at a concentration of 2 mg/ml. After 6 days inexperimental reagent for 24 hr and pulsed with [3H]thymidine for a
culture, thymic lobes were recovered and analysed for cell surfacefurther 8 hr and the amount of radioactivity (c.p.m.) incorporated
expression using flow cytometry with anti-CD4, anti-CD8 and anti-was measured. Mouse IL-4 was used at 100 U/ml. Purified sFv was
CD25. Thymocytes recovered in thymic lobes cultured in H4 sFv wereused at 2 mg/ml. The results are shown as percentage inhibition of
reduced in number by # fivefold, with over 70% at the DN stage ofproliferation and the values were estimated by comparing the difference
development compared to 35% DN in control culture (b). In addition,in proliferation of cells cultured in medium supplemented, with the
the total numbers of CD25+ thymocytes were reduced twofold in theexperiment reagent, against cells cultured in medium only. Columns
presence of H4 sFv in comparison to control (see Table 2). This studyand bars represent the mean±SD of triplicate determinants. In some
suggests that gp200-MR6 plays an important role in the maturationcolumns the error bars are not visible due to the low value. For HT29
of DN thymocytes to the DP stage of development. Each culture(a), the mAb MR6, IL-4 and H4 sFv and for TM25.F1 (b), IL-4 and
contained four thymic lobes, and the total number of thymocytesH4 sFv significantly reduced cell proliferation; P<0·01. The prolifer-
recovered from each culture were: a, 1·5×105; b, 1·2×105; c, 1·6×105;ation for HT29 and TM25.F1 cultured in medium only was 8·1×104
d, 1·6×105; e, 3·2×104. Three further experiments gave similar results.c.p.m. and 2·1×105 c.p.m., respectively.
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Table 2. Total number of CD25+ thymocytes recovered from thymic of thymocytes fivefold. As with the epithelial cell line prolifer-
lobes cultured in either medium or purified sFv* ation studies, no such effect was seen with either B1 or B10

sFv. The total numbers of CD25+ thymocytes recovered from
Culture conditions No. of CD25+ thymocytes thymic lobes cultured with H4 sFv were reduced twofold

compared to the control, indicating that the action of the
Medium 8×103

gp200-MR6 molecule is at the development of these cells.NIP 1×104
However, the reduced numbers of CD25+ thymocytes areB1 1×104
unlikely to explain fully the dramatic reduction of DP thymo-B10 8×103
cytes, since only a small proportion of CD25+ cells give riseH4 4×103
to progeny that down-regulate CD25 expression and sub-
sequently become DP thymocytes.33 Moreover, our prelimi-*Data from the experiment shown in Fig. 6. See figure legend

for details. nary studies, using day 16 fetal thymic lobes cultured in vitro
for 6 days showed that whereas both control and H4 sFv-
treated cultures contained more than 80% DP thymocytes, inin vivo deletion of autoreactive specificites, antibodies to

evolutionarily conserved epitopes can be isolated.9–13 Using the presence of H4 the total number of cells was reduced
#10-fold (Palmer and Crompton, unpublished observations).this technology we have isolated three clones that recognize

not only the human gp200-MR6 cortical epithelial cell surface These data suggest that gp200-MR6 is also important at this
later DP stage of thymocyte development. Interestingly, whilemolecule, the selecting antigen, but also the gp200-MR6

homologue in several other species including mouse and pig. the development of DN, CD44+ CD25+ thymocyte precursors
requires both thymic epithelial cells and mesenchymal cells.34Together with our previous biochemical analysis using mAb

MR6 on rabbit thymus,31 these studies provide further evi- The necessary signals required to continue the maturation of
their immediate descendants and subsequently the differen-dence that the gene product of gp200-MR6 is highly conserved

amongst different species and phyla. tiation of DP thymocytes can be provided sufficiently by
epithelial cells alone.35 A functional role for gp200-MR6 atWe initially studied the human system and purified sFv

from one of these selected clones, H4, reduced the proliferation both these stage of thymocyte development fits well with its
distribution on the surface of cortical epithelial cells.of the human HT29 cell line in a manner comparable to that

seen with mAb MR6 (Fig. 5a), indicating that H4 sFv has a The action of H4 sFv may be to directly disrupt thymocyte–
stromal cell interactions, which are known to be importantsimilar biological activity to the mAb MR6. However, B10

had no such effect. This may result from the recognition of not only for thymocyte maturation36 but also in the mainten-
ance of the thymic microenvironment.25,37,38 Thus the effectdifferent epitopes on gp200-MR6, since the VH gene segment

and CDR3 region from both these clones are distinct (Table 1). seen with H4 sFv could result from the direct loss of a
gp200-MR6-mediated signal via a specific ligand on the thymo-Alternatively, the two antibodies may differ in their degree of

‘multimerization’, since sFv purified using protein A may cyte surface. In addition, or alternatively, the initial effect may
occur at the epithelial cell surface and subsequently affect theassociate to form multimers;9 the resulting enhanced avidity

would therefore contribute to the functional efficacy of the development and function of the thymic stroma. The latter
possibility is supported by the effects observed with H4 on thesFv, as previously shown for phage-derived Fab fragments

specific for hepatocyte growth factor/scatter factor.14 However, mouse thymic cortical epithelial cell line TM25.F1 (Fig. 5b)
and our previous data showing mAb MR6-induced differen-this latter explanation seems unlikely since our preliminary

studies have shown that the Fab fragments of the mAb MR6 tiation of colonic epithelial cells.7 However, although
gp200-MR6 may be involved in maintenance of the thymiccan also reduce proliferation of HT29 cells (Al -Tubuly and

Ritter, unpublished observation). microenvironment, it is unlikely that gp200-MR6 is involved
in thymus organogenesis, since antibodies that affect organo-The evolutionary conservation of the gp200-MR6 molecule

enabled us then to ‘walk’ from the human to the murine genesis do not mediate their effect in intact thymic lobes.39
We have previously demonstrated a functional link betweenthymus for functional studies. H4 sFv reduced the proliferation

of the mouse thymic cell line TM25.F1 in a similar manner to gp200-MR6 and the IL-4 system on human cells;5–7 our current
observation that ligation of gp200-MR6 mimics the antipro-that seen with mouse IL-4 (Fig. 5b). This observation suggests

that the functional activity of H4 sFv on mouse epithelium is liferative effect of IL-4 on a mouse thymic epithelial cell line
(Fig. 5b), suggests that this association may also occur oncomparable to that observed with either H4 sFv or mAb MR6

on HT29 cells, indicating that ligation of gp200-MR6 on either murine cells. Moreover, addition of IL-4 to mouse fetal thymic
organ culture leads to a severe reduction in the numbers ofhuman or mouse epithelium produces similar biological effects.

It is therefore reasonable to conclude that the effects seen with DP thymocytes.40,41 Similar effects are also seen in the thymus
of IL-4 transgenic mice,42–44 while thymocyte developmentH4 sFv in murine FTOC can be extrapolated to human thymic

development. Furthermore, the ability of H4 sFv to exhibit appears normal in IL-4-deficient mice.45 These data are consist-
ent with the effects seen with H4 sFv on thymic developmentfunctional activity on cell lines from two different species is

an important finding, since few studies14 exist which demon- and further support our hypothesis that gp200-MR6 has
similar functional properties to the IL-4 receptor within thestrate sFv with these properties.

The addition of H4 sFv to murine FTOC had a marked thymus.
In summary, we have used the phage display technique toeffect on thymocyte development, blocking the majority of

thymocytes at the DN stage of differentiation (Fig. 6e), select for antibodies to epitopes on the human gp200-MR6
cortical thymic molecule that are evolutionarily conserved,resulting in a dramatic loss of DP thymocytes (13-fold com-

pared to control sFv) and therefore reducing the total number thus permitting functional analysis in murine FTOC. These
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