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ABSTRACT Using the spheroplast fusion technique, we
have introduced the cloned EPb gene into two d haplotype cell
lines, the B lymphoma line A20-2J and the macrophage tumor
line P388D%. Analysis with a monoclonal antibody indicates
that the product of the transfected E3" gene associates with the
endogenous Ea chain to form an EadEpb complex. While
expression of EadEp, is constitutive in A20-2J cells transfected
with the Eb gene, surface expression of EadEpfl is detected in
transfected macrophage cells only after treatment of cells with
culture supernatants from concanavalin A (Con A)-stimulated
T cells. Transfected B lymphoma cells and transfected Con A
supernatant-treated macrophage cells have acquired the abili-
ty to present antigen to EadEp -restricted T-cell hybridomas.
The observed inducible expression of the transfected gene in
the macrophage host indicates that sequences responsible for
regulated expression of the Epb gene may be associated with
the transfected gene. In combination with directed mutagene-
sis, the system described here provides a means to study (i) Elb
sequences that are important in determining the restriction
specificity of the E molecule and (it) sequences associated with
the Ep gene that may be important in the regulation of Ep
chain expression.

The class II major histocompatibility antigens have been im-
plicated in cell-cell interactions of the immune system (for
review, see refs. 1 and 2). These polymorphic cell-surface
glycoproteins control the level of immune response to cer-
tain antigens, probably through their role during presenta-
tion of antigen to class II-restricted antigen-specific T cells:
a class II-restricted T cell recognizes specific antigen only
when it is presented on the surface of a cell that expresses
the appropriate allelic form of a class II molecule. Although
the mechanism of restricted antigen presention is not under-
stood at a molecular level, it is clear that models for T-cell
recognition of antigen should incorporate both a T-cell re-
ceptor (or receptors) and antigen in association with class II
molecules on the surface of the presenting cell.

Expression of class II antigens is limited to certain cells of
the immune system, including B cells and macrophages (3-
5). A relatively high level of constitutive expression of class
II antigens is observed in B cells. This can be increased by
certain treatments but not by treatment with y-interferon
(unpublished observation). In macrophages, expression of
class II antigens is modulated. Resting macrophages express
low levels of surface class II antigen, and expression of these
molecules can be induced with y-interferon or with superna-
tants from Con A-stimulated T cells containing y-interferon
(5-7). Although induction by -,interferon appears to operate
at the level of transcriptional control (8, 9), virtually nothing
is known about the mechanisms that regulate expression of
class II molecules.

In mouse, two class II molecules, each consisting of an a
and a P protein chain, have been defined (2, 10). The A mole-
cule is designated as AaAp and the E molecule as EafEs.
Structural analysis of these molecules has been limited by a
lack of protein sequence data. Recently, however, efforts
from several laboratories have led to the isolation and char-
acterization ofcDNA and genomic clones for the Aa, AO, Ea,
and Ep chains (11-16). Protein sequences have been deduced
and exon/intron organizations defined. Although sequence
analysis provides some understanding of the organization of
class II molecules and the genes encoding them, identifica-
tion of functionally important regions remains tentative.
We have chosen to use a DNA transfection system, in

combination with directed mutagenesis, to study the struc-
ture-function relationship of class II molecules and the reg-
ulation of their expression. Our initial goal has been to intro-
duce a cloned class II gene into a host cell that has been
shown (i) to express class II molecules and (ii) to be capable
of presenting antigen to specific T-cell hybridomas in cul-
ture. We reasoned that a cell line that expresses endogenous
class II genes would also-express a transfected gene, provid-
ed appropriate DNA control elements were included in asso-
ciation with the transfecting gene. Once expression of a
transfected gene has been established, we can begin to modi-
fy the gene prior to transfection and to determine the effect
of defined modification on the expression and function of the
class II molecule.

In this paper we report structural and functional evidence
for the expression of the Egb gene after introduction into a B-
cell lymphoma or a macrophage tumor. We also show that
surface expression of the transfected Eb gene is inducible
by Con A-activated T-cell supernatants after introduction
into macrophage tumor cells.

MATERIALS AND METHODS
All cells were cultured in medium containing 10% fetal calf
serum and 50 AM 2-mercaptoethanol. The BALB/c B lym-
phoma line A20-2J was previously designated L10.A2J but
has been recently reidentified (and renamed) as a derivative
of the A20 tumor (17). The P388D1 macrophage tumor line
(18) was obtained from the American Type Culture Collec-
tion. The helper T-cell hybridomas BDK-38.2, BDK-44.5,
and DO-11.10 have been described (19, 20). Two additional
T-cell hybridomas, BDO-23.2 and BDO-34.1, were derived
by established methods (21) and represent fusion products of
normal T cells from ovalbumin-primed (C57BL/6 x DBA/2)
F1 mice and the AKR thymoma BW5147. Hybrids were
screened for their ability to recognize ovalbumin presented
by the A20-Eob-1 transfected cell line (see Results).
The Y-17 monoclonal antibody (22) that recognizes a vari-

ety of E molecules, including EadEjb but not EadEpd, was
received from Donal Murphy (Yale University, New Haven,

Abbreviations: IL-2, interleukin 2; kb, kilobase(s).
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FIG. 1. (A) Restriction enzyme map of the
cosmid 7-01-EPb. Only the structure of the cos-
mid insert is presented. Six exons, which are in-
dicated by dark boxes, have been placed relative
to conserved restriction enzyme sites by analogy
to the E,3d gene (16). The striped box indicates the
d haplotype EcoRI-Pvu II fragment from phage
X11.1. (16), which was used as a probe for the
isolation of cosmid 7-01-Eob. (B) Map of the
recombinant plasmid pSV2-Eob. The 22-kb Hpa I
fragment from cosmid 7-01-E b is indicated as a
thin line with dark boxes representing exons of
the Eb gene. Exons are indicated as follows: L,
leader; (3k, first external domain; (2, second ex-
ternal domain; TM, transmembrane; CP, cyto-
plasmic; 3'UT, 3' untranslated (see ref. 16). The
Eco gpt gene (striped region), Simian virus 40
DNA sequences (dotted region), and ampicillin
gene (shaded area) of the pSV2gpt vector are as
indicated (see ref. 27). Modified BamHI sites are
labeled as (Bam). Transcriptional orientations of
EPb and Eco gpt genes are indicated by arrows.
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CT). The anti-l-Ad specific MKD6 antibody is described by
Kappler et al. (21). Hybridoma culture supernatants were
used for immunofluorescence and immunoprecipitation. For
immunofluorescence, the detection antibody was a fluores-
ceinated goat anti-mouse Fab antisera (a gift from Henry
Wortis, Tufts University Medical School, Boston, MA). Flu-
orescence was measured on an Ortho fluorescence-activated
cell sorter, and immunoprecipitation of [35S]methionine-la-
beled cell extracts was done as described by P. Jones (23).

Parental and transfected cell lines were tested for their
ability to present antigen as described elsewhere (24). Brief-
ly, 1 X 105 presenting cells were cultured with 1 x 105 re-
sponder T cells in the presence of 200 ,ug of antigen for 24 hr
in 200 1ul of culture medium. Interleukin 2 (IL-2) production
by the T-cell hybridoma was assayed by the ability of the
culture supernatant to support the growth of an IL-2-depen-
dent T-cell line, HT-2 (25). Units of IL-2 were determined as
described (24). For induction of P388D1 and derived lines,
cells were incubated for 48 hr with culture supernatants from
the T-cell hybridoma FS7-20 at 1:8 dilution (26).
The C57BL/6 cosmid library was constructed and screened

by established methods (27). To construct the pSV2-Ep3b
plasmid, the pSV2gpt vector (28) was linearized with
BamHI, treated with the Klenow fragment of Escherichia
coli DNA polymerase I to create flush ends, and digested
with calf alkaline phosphatase. A 22-kilobase (kb) Hpa I
fragment isolated from cosmid 7-01-Epb was fused by blunt-
end ligation to the pSV2gpt vector. Preparation of high mo-
lecular weight DNA was by standard methods (27). Southern
blotting and hybridization were as described (29).
For transfection, bacteria containing pSV2-Eb or

pSV2gpt plasmids were converted to protoplasts as de-
scribed by Sandri-Goldin et al. (30). Protoplasts were fused
to A20-2J or P388D1 cells with 50% polyethylene glycol
(British Drug House) as described by Gillies et al. (31). After
fusion, cells were plated and allowed to recover in normal
growth medium for 48-72 hr, at which time an equal volume
of selective medium was added. Selective medium contained
xanthine at 250 ,ug/ml, hypoxanthine at 15 ,ug/ml, and myco-
phenolic acid at 2 ug/ml (for P388D1) or 6 ,ug/ml (for A20-
2J). Xanthine and hypoxanthine were from Sigma. Myco-
phenolic acid was a gift from Eli Lilly. Plates were refed ev-
ery 2-3 days with fresh selective medium. Colonies were
picked for expansion after 2-3 wk.

RESULTS
As transfection hosts we have chosen the BALB/c B lym-
phoma cell line A20-2J and the DBA/2 macrophage tumor
line P388D1. The A20-2J line constitutively expresses both A
and E molecules of the d haplotype and presents antigen in a
restricted fashion to T-cell hybridomas in culture (17). In
normal growth medium, P388D1 expresses d haplotype class
II molecules at low levels and presents antigen only poorly.
However, when P388D1 is cultured with supernatant from
Con A-stimulated T-cells, class II antigens are expressed at
high levels and the induced culture presents antigen effi-
ciently to restricted T-cell hybridomas (32). The Ed gene of b
haplotype (Ebb) was chosen as a transfecting gene, as specif-
ic reagents were available to assay expression and function
of EadEd hybrid molecules.

Isolation of the Enlb Gene. The C57BL/6 cosmid library
was screened with a probe derived from the first intron of
the Epd gene (see Fig. 1A and ref. 16). Three overlapping
clones were isolated, and cosmid clone 7-01-Ep3b was select-
ed for restriction enzyme analysis (Fig. lA).

Transfection of the EPb Gene into BALB/c Hosts. The
pSV2-Epb plasmid was introduced into A20-2J or P388D1
cells by spheroplast fusion. For A20-2J cells, the frequency
of stable transformation was 5 x 10-5 with pSV2-E, b and 1 x

l0-4 with pSV2gpt. After transfection, A20-2J cells were
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FIG. 2. Southern blot analysis of E,3b-transfected cell lines. High
molecular weight DNA was digested with BamHI, separated by
electrophoresis on 0.8% agarose gels, and blotted to nitrocellulose.
Blots were probed with a nick-translated 1.2-kb EcoRI-Pvu II frag-
ment isolated from a recombinant phage containing part of the End/
gene (see legend to Fig. 1A). The sizes of DNA bands are indicated
in kilobases. (A) Data for A20-2J and A20-E,3btransfected lines: lane
1, A20-2J; lane 2, A20-E,9-1; lane 3, A20-E13-2; lane 4, A20-E,0-5. (B)
Results for P388D1 (lane 1) and the P388Dj-Eqbtransfected popula-
tion (lane 2).
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FIG. 3. Surface expression of EatdEb in an E,-transfected A20
clone. A20-2J or A20-Ep-5 cells were incubated with Y-17 culture
supernatant, followed by incubation with fluoresceinated goat anti-
mouse Fab antisera. Fluorescence was measured on an Ortho fluo-
rescence-activated cell sorter; 30,000 cells were analyzed per sam-
ple. The vertical axis indicates cell number and the horizontal axis
indicates fluorescence intensity.

plated in 96-well culture plates, such that colonies were ob-
tained in 1 of -10 wells. Colonies picked for analysis were
therefore assumed to represent individual transfection events.
P388D1 transfectants were selected on 60-mm tissue cul-

ture plates. Numerous colonies were visible after transfec-
tion with pSV2-E 'b or pSV2gpt. Plates were grown to con-
fluency so that our transfected P388D1 lines represent popu-
lations of many individual transfectants. Frequencies of
transfection, subsequently determined for a subline of
P388D1, were 3 x 10-5 and 1.5 x 1-4 with pSV2-Egb and
pSV2gpt, respectively.

E13b DNA sequences are present in several A20-E 'b trans-
fectants and in the P388D,-E,3b population, as determined by
Southern blot analysis (Fig. 2). Digestion is with BamHI en-
donuclease. The endogenous EOd gene is seen as a 4.8-kb
band, and the exogenous E,3b gene is represented by an 8.7-
kb band. Clearly, the E,3b band is seen in all A20-Eb transfec-
tants (Fig. 2A) and in the P388D1-Es3 population (Fig. 2B),
whereas it is absent in DNA from the parental cell lines.
Each of the A20-Eb transfectants contains an estimated 50-
100 copies of the Eb gene per haploid genome, and the
P388D,-E~b population contains an average of 3-4 copies per
haploid genome. A third restriction enzyme fragment is seen
at 6.5 kb in A20-2J and in A20-E b transfectants. The origin
of this fragment is unclear, as a fragment of this size is not
expected from the restriction map of the E8d gene (16).

Expression of Eub in A20-2J Transfectants. Four A20-Epb
transfectants and two A20-pSV2gpt transfectants were ex-
amined for reactivity to the Y-17 monoclonal antibody by
radioimmunoassay (data not shown). Surface expression of
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FIG. 4. Immunoprecipitation of EdEsb from A20-E9-5 cells.
Nonidet P-40 extracts of [35S]methionine-labeled cells were immu-
noprecipitated with Y-17 antibody and inactivated Staphylococcus
aureus bacteria. Extracts from 1 x 106 cells were used for the A20-
2J (lane 1) and A20-E,3b-5 (lane 2) samples. Extracts from 2.5 x 106
spleen cells were analyzed for the BALB/c (lane 3) and (BALB/c x
C57BL/6) F1 (lane 4) samples. Immunoprecipitates were analyzed
by electrophoresis on a 12% polyacrylamide gel in NaDodSO4 buff-
er. The gel was fluorographed, dried, and exposed to Kodak XAR-5
film with an intensifying screen for 24 hr (lanes 1 and 2) or 2 wk
(lanes 3 and 4). Molecular weight markers (xlO-3) are indicated
(lane M).

EadEb was indicated for all A20-Eb transfectants tested,
whereas the A20-2J parent and pSV2gpt transfectants failed
to react with Y-17. Total surface expression of E molecules
was increased in Eqbtransfected lines, as measured with the
monoclonal antibody 14-4-4S, which recognizes E molecules
of all haplotypes (33). Reaction with the anti-I-Ad monoclo-
nal antibody MKD6 indicated that surface expression of the
A molecule was not altered by transfection.
The A20-E,9-5 transfectant cell line was further analyzed

by fluorescence-activated cell sorting after reaction with Y-
17. The results, as shown in Fig. 3, indicate that the vast
majority of cells in the A20-E,9-5 population are expressing
surface EadEgb. The expression of surface EadEpb is similar
to that of AadApd, as seen by analysis with the MKD6 anti-
body (not shown).
To further characterize the product of the transfected EfJ

gene, Nonidet P-40 extracts of [35S]methionine-labeled A20-
2J or A20-E9-5 cells were analyzed by NaDodSO4/poly-
acrylamide gel electrophoresis after immunoprecipitation
with the Y-17 antibody (Fig. 4). Labeled extracts of spleen
cells from BALB/c or (BALB/c x C57BL/6) F1 mice ex-
pressing E dEpb were used as controls. Specific products of
the expected sizes are seen in the A20-E,3-5 and F1 spleen
samples. E, and EO chains exist in several glycosylated
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*0~j FIG. 5. Surface expression of EadE,8b is induced in the
P388Dr-Egb population by treatment with T-cell superna-
tants. P388D1 or P388D,-EOb cells were incubated with
the Y-17 or MKD6 (anti-I-Ad) antibody followed by incu-

) bation with fluoresceinated goat anti-mouse Fab antisera.
Fluorescence was measured on an Ortho fluorescence-ac-
tivated cell sorter; 15,000 cells were analyzed per sample.
Profiles are shown for uninduced (-IFN) and induced
(+IFN) cultures as indicated (IFN, interferon). Cell num-
ber is indicated on the vertical axis and fluorescence in-
tensity is along the horizontal axis. (A) P388D, x anti-l-
Ad; (B) P388D1 x Y-17; (C) P388D,-E 3b X anti-I-Ad; and

1000 (D) P388D,-Eeb x Y-17.
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Table 1. Antigen presentation by A20-2J and transfected A20-2J lines

T-cell Ag/H-2 Ag in Units of IL-2 per ml produced in response to
hybridoma specificity culture LB-15.13* A20-2J A20-pSV-1 A20-Eblt A20-Eb-2 A20-E-5

DO-11.10 cOVA/IAd cOVA ND 320 80 80 80 80
BDK-38.2 KLH/IEd/tb None <10 <10 <10 <10 <10 <10
BDK-38.2 KLH/IEd/b KLH 640 <10 <10 >640 320 640
BDK-44.5 KLH/IAb/d KLH 320 <10 <10 <10 <10 <10
BDO-23.2 cOVA/IEd/b cOVA 320 <10 ND 320 (<10) ND ND
BDO-34.1 cOVA/IEd/b cOVA 80 <10 ND 40 (<10) ND ND

Ag, antigen; ND, not done; cOVA, chicken ovalbumin; KLH, keyhole limpet hemocyanin. Ten units of IL-2 per ml is the minimum detect-
able by our assay.
*LB-15.13 is the Ib-,Id-bearing fusion product of A20-2J to C57BL/10 B cells (17).
tNumbers in parentheses indicate units of IL-2 per ml produced when competing Y-17 antibody was added to the presentation assay.
*.EdIb refers to the hybrid molecule EadEgb. I-Ab/d refers to AabAo .

forms and cannot be fully distinguished from each other by
one-dimensional gel electrophoresis. Regions of the gel con-

taining Ead or EXb species (or both) are therefore indicated
with parentheses. The invariant chain Ii, which is found in
the cytoplasm in association with AaAo and EaEp complexes
(10), migrates as a distinct band. A20-E'b-5 and F1 spleen
immunoprecipitates were also analyzed by two-dimensional
gel electrophoresis (not shown). Identification of Ead, Ep ,
and 1i chains (as designated in Fig. 4) was confirmed by a

comparison of our two-dimensional gels with published data
for F1 spleen (34).

Inducible Expression of Elb in a P388D, Transfectant Cell
Line. The P388D1 and P388D1-E,3b cell lines were analyzed
by indirect immunofluorescence for expression of EadEt b

and AardAgd, both before and after treatment with superna-
tants from Con A-activated T cells. Fluorescence-activated
cell sorting data for this experiment are presented in Fig. 5.
Expression of the AadApd molecule is induced by treatment
with T-cell supernatant in both P388D1 and P388D,-Epb (Fig.
5 A and C), whereas the EadEi3b heterodimer is expressed
only in the P388Di-Epbtransfected line after induction (Fig.
5D). Similar results have recently been obtained with y-in-
terferon (data not shown).

Presentation of Antigens to Restricted T-Cell Hybridomas.
The data presented in Table 1 indicate that Epbtransfected
A20-2J lines have specifically acquired the ability to present
antigens to EdEpb-restricted T-cell hybridomas. Although
E b-transfected lines can present ovalbumin or keyhole lim-
pet hemocyanin to appropriate T-cell lines, the A20-2J par-
ent and a pSV2gpt-transfected A20-2J derivative are not ca-

pable of functional interaction with EadEpb-restricted T-cell
hybridomas.
P388D1 and transfected P388D1 lines have been assayed

for their ability to present antigen to class II-restricted T-cell
hybridomas (Table 2). After incubation with supernatants
from Con A-stimulated T cells, all P388D,-derived lines can

present ovalbumin to the I-Ad-restricted DO-11.10. Howev-
er, only the P388D,-Epb line can present antigen to the

EadE,3b-restricted lines BDO-23.2 and BDO-34.1. Presenta-
tion by P388D,-E,3b to BDO-23.2 and BDO-34.1 is weak be-
fore induction and is increased 16-fold for BDO-23.2 and 4-
fold for BDO-34.1 after incubation of P388D,-E b cells with
supernatants from activated T cells.

DISCUSSION
The class II antigens of the major histocompatibility com-

plex affect the immune responsiveness to many antigens. To
understand this phenomenon, it is important to determine at

the molecular level (i) how class II molecules function in the
presentation of antigen to restricted T cells and (ii) how the
expression of class II molecules is regulated in antigen-pre-
senting cells. These questions may be addressed through the
use of directed mutagenesis and a defined DNA transfection
system. To this end, we have introduced the cloned mouse

Epb gene into two d haplotype host cell lines-the B lympho-
ma line A20-2J and the macrophage tumor line P388D1. Us-
ing a monoclonal alloantibody that recognizes the hybrid
EadEgb molecule, we have shown the transfected gene to be
constitutively expressed in the B lymphoma host. In con-

trast, surface expression of EadEb could be detected in the
transfected P388D1-E,3b macrophage line after, but not be-

fore, incubation of cells with supernatants from Con A-stim-
ulated T cells. In addition, we have shown that transfected B
lymphoma cells or transfected, induced macrophage cells
can functionally present antigens to appropriate T-helper cell
hybridomas. The ability of a transfected line to present anti-
gen was consistent with the pattern of cell-surface expres-

sion of E molecules measured by antibody: A20-2J cells
transfected with the E,3b gene effectively presented antigen
to EadEpb-restricted T-cell hybridomas, whereas the P388D1
cells transfected with the Eb gene presented antigen opti-
mally only after being cultured in T-cell-derived conditioned
medium (with known inducing activity).

Functional expression of a transfected Ap gene has recent-
ly been reported (35). However, it is not known whether A
and E molecules play identical roles in the generation of im-
mune response to antigens, and it will be important to under-
stand how both A and E molecules function in cell-cell inter-
actions of the immune system. The transfection system de-
scribed here has the advantage that function may be assayed
after introduction of a single class II gene into a recipient
cell. In our system, transfected cell lines, which express
EoadEpb (in addition to endogenous EadE8b), are assayed
against a panel of EdE,3b-restricted responder T-cell hybrid-
omas. Because the polymorphism observed in E molecules is
contributed principally by the Ep chain (Ea is the most highly
conserved of the four class II polypeptides, whereas Ep is

Table 2. Inducible antigen presentation by P388D1 and transfected P388D1 lines

Units of IL-2 per ml produced in response to

T-cell Ag/H-2 P388D, P388D,-pSV P388D,-E b-1
hybridoma specificity LB-15.13 Uninduced Induced Uninduced Induced Uninduced Induced

DO-11.10 cOVA/1-Ad >640 <10 640 <10 >640 10 640
BDO-23.2 cOVA/IEd/b >640 <10 <10 <10 <10 40 640
BDO-34.1 cOVA/IEdlb 320 <10 <10 <10 <10 20 80

See legend to Table 1 for abbreviations.
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highly polymorphic; see ref. 36), it is expected that analysis
of E restricting elements can be carried out by modifying
(and transfecting) the Ea gene alone. By contrast, both the a
and 03 chains of the A molecule are polymorphic and both
chains contribute to the determination of restriction specific-
ity. Analysis of I-A-restricted cell-cell interactions may
therefore be more complex. The restricting function of hy-
brid Ep chains can be initially investigated by shuffling ex-
ons between EPb and EPd genes. The hybrid gene approach
has been successfully applied to the study of class I major
histocompatibility complex molecules (37, 38) and should al-
low localization of those regions of the Es chain that are im-
portant in determining the restriction specificity of the E
molecule.

Expression of class II major histocompatibility complex
molecules is both positively and negatively regulated in mac-
rophages. Positive regulation has been demonstrated in re-
sponse to soluble products of stimulated T cells (6, 7),
whereas negative regulation has been observed in response
to prostaglandins (5). Recent data indicate that the T-cell fac-
tor responsible for induction is -y-interferon (7, 39). Results
from human (8) and murine (9) systems suggest that regula-
tion by -interferon may operate at the level of transcription-
al control, in that increased levels of mRNA are observed after
y-interferon induction. In fact, HLA-DRG and HLA-DRp
(the human equivalents of Eax and Ep, respectively) mRNA
levels are simultaneously increased in response to y-interfer-
on treatment, indicating that transcriptional regulation by y-
interferon may operate on both a and 13 chain genes (8).
The data presented here indicate that the 22-kb DNA frag-

ment containing the Eg gene and its flanking regions may
contain all of the sequence information required to make this
gene susceptible to regulation by y-interferon in macrophage
cells. Premanipulation of this DNA fragment followed by
transfection of P388D1 cells may lead to localization of one
or more specific sequence element(s) required for the induc-
tion. In this context, it is interesting that an apparently tis-
sue-specific transcriptional enhancer element is associated
with the Ens gene (unpublished observations). It is possible
that the enhancer element itself is an indirect target for the
inducing action of y-interferon. A somewhat analogous in-
volvement of an enhancer element in the modulation of gene
expression by an externally provided agent has been seen in
the glucocorticoid hormone-mediated induction of mouse
mammary tumor virus genes (40).
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